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Foreword

This dissertation is composed of two parts:

- an overview, including a general introduction, @rstpresentation of
the thesis and a general conclusion (Part 1);

- a detailed presentation of the thesis (Part lipsesiing in 3 chapters in
the form of publications or manuscripts which viaé published, and 1
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Appendix: A rough morphology of the adsorbed fibronectaydr
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Dupont-Gillain.Surface and Interface Analysis, 175-184 (2012)






Abstract

Engineering surfaces that mimic the highly strustibenvironment of
cells in tissue, has become a key issue in bioiatgescience. However, the
effect of nanostructured materials on cell behavias not well been
understood yet. In this context, the aim of thissik is to better understand
the cell-material interactions through elaboratofrheterogeneous surfaces
for the control and modulation of collagen orgatima and evaluation of
pre-osteoblast behavior.

Heterogeneous surfaces were prepared using denukipglystyrene
(PS) and poly(methyl methacrylate) (PMMA) from daas in different
solvents and with different polymer ratios. Sulstsa with PMMA
inclusions in a PS matrix and, conversely, substratith PS inclusions in a
PMMA matrix were elaborated.

A range of different collagen organizations wasaoi#d on the
designed PS/PMMA films. Inclusions size was revéads an important
parameter in the control of collagen organizatiérthe PS domains were
above 600 nm wide, a heterogeneous distributiocodhgen was found, in
agreement with observations made on pure polynasseMmblies of a few
collagen molecules on PMM#s bigger assemblies on pure PS). Otherwise,
fibrils formed in the PS domains, were longer amdrter compared to the
ones observed on pure PS.

Pre-osteoblast cultures on bare and collagen-cd&BMMA films
revealed two main effects: (i) the developed cedhaon heterogeneous films
is intermediate between the ones observed on eadh mlymer, (i) a
higher cell density is always observed on hetereges films compared to
the corresponding pure polymers.

Bio-interfaces with chemical heterogeneities at slidmicrometer
scale thus trigger particular collagen organizatiand cell behaviors, which
open perspectives for biomaterials science anddissgineering.






List of abbreviations

O Water contact angle

AFM Atomic force microscopy

BSA Bovine serum albumin

ECM Extracellular matrix

IEP Isoelectric point

MOPTMS Methacryloxypropyltrimethoxy silane

PBS Phosphate buffered saline

PEO Poly(ethylene oxide)

PMMA Poly(methyl methacrylate)

PMMA-r-PMAA Poly(methyl methacrylate)- random-
poly(methacrylic acid)

PPO Poly(propylene oxide)

PS Polystyrene

PS-b-PEO Poly(styrene)-block-poly(ethylene)

PSps PS surface fraction determined by XPS

PS-b-PEQps PS-b-PEO surface fraction determined by
XPS

Rrus Root mean square roughness

XPS X-ray photoelectron spectroscopy



List of abbreviations used for the polymer blends:

PSPMMA
5/95t

30/70t

30/70d

90/10d

PSPMMA-r-PMAA
20/80rd

30/70rd

80/20rd

90/10rd

PS-b-PEO/PMMA
40b/60d

60b/40d

80b/20d

40b/60t

60b/40t

70b/30t

polymer film prepared from a 5% PS/95%
PMMA (w/w) toluene solution

polymer film prepared from a 30% PS/70%
PMMA (w/w) toluene solution

polymer film prepared from a 30% PS/70%
PMMA (w/w) dioxane solution

polymer film prepared from a 90% PS/10%
PMMA (w/w) dioxane solution

polymer film prepared from a 20% PS/80%
PMMA-r-PMAA (w/w) dioxane solution

polymer film prepared from a 30% PS/70%
PMMA-r-PMAA (w/w) dioxane solution

polymer film prepared from a 80% PS/20%
PMMA-r-PMAA (w/w) dioxane solution

polymer film prepared from a 90% PS/10%
PMMA-r-PMAA (w/w) dioxane solution

polymer film prepared from a 40% PS-b-
PEO/60% PMMA (w/w) dioxane solution

polymer film prepared from a 60% PS-b-
PEO/40% PMMA (w/w) dioxane solution

polymer film prepared from a 80% PS-b-
PEO/20% PMMA (w/w) dioxane solution

polymer film prepared from a 40% PS-b-
PEO/60% PMMA (w/w) toluene solution

polymer film prepared from a 60% PS-b-
PEO/40% PMMA (w/w) toluene solution

polymer film prepared from a 70% PS-b-
PEO/30% PMMA (w/w) toluene solution
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Introduction

1. Introduction

1.1. Context of the research

Biomaterials are commonly defined as materials giexl to be
placed in contact with biological systems. Althoug@iomaterials are
primarily used for medical applications (prosthesisontact lenses,
pacemakers,...) they are also used to grow cellsliore, in apparatus for
handling proteins in the laboratory, in devicesdgulate fertility in cattle, in
the aquaculture of oysters....

A key aim for biomaterials researchers is to elgjitecific cell
responses using spatial cues. Biomaterial surfagpepties may stimulate
cells through physical forces, chemical interactiam through topography.
Traditionally, in the case of medical applicatiomert materials have been
used, the goal being to simply avoid implant reggct A major problem is
that these ‘inert’ materials can be encapsulateth&ypody?

At present, there is a considerable focus on deuao next-
generation materials. These materials will not drdytolerated by the body,
but will also give organized tissue repair. Thisyrb& achieved through the
use of bioactive compounds immobilized on or detideby the material. An
even more advanced idea consists in, engineesages and orgams vitro
that could be further implanted into the patienbtercome the limitation of
organ and tissue transplantation (scarcity of dermmd a high risk of
rejection after grafting). The strategy consiststly in performing a biopsy
and collecting cells that are cultured in viaind proliferate. Cells are then
transferred onto a scaffold together with growttctdes to enhance
proliferation and reimplanted into the site of dgeeof the patient to
integrate with the natural tissue. (see Figure 1).

Central to improving tissue engineering is the tmwament of
materials that will influence mesenchymal stem ckflerentiation into a
specific cell type rather than capsule-forming dilasts when it is
implanted. This will imply three considerations: t¢ isolate the appropriate
cell source (proliferation and differentiation, le@-cell signaling,
biomolecule production and formation of extrac@tulmatrix), (ii) to
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Overview

provide appropriate environmental conditions (medigrowth factors) for
tissue maintenance and (iii) to develop the prapdastrates or scaffold for
cell survival and differentiation*

\
\ | \
‘ \

1\
\ )N

Figure 1: The typical tissue engineering approach. (1) Hareels from human (or animal)
sources and expand them in vitro. (2) Seed cellcaffolds which may incorporate
biomolecules. (3) Implant cells scaffold at injsite. (4) Healing takes place: cells

differentiate and form tissue. (adapted ffpm

Finally, the common thread between the diverse atenals used is
the interaction between biological systems and hstit (or modified
natural) materials. In some cases, biomaterials neid to be modified to
enhance migration and attachment of specific ogtiupations (with a view
to repair or replace a damaged tissue), while lierotases, biomaterials will
need to be madified to be repellent to cell adheaiad proliferation (contact
lenses, blood bags). The control of cell-matengriactions then appears to
be a critical factor in the development of an appede cell response and
will be the main focus of the present thesis.

18
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1.2. The importance of adhesion proteins in celldhavior

1.2.1. Cdl adhesion

For most cell type, adhesion is essential to teamival. Cells in
their natural environment are anchored by discliates to proteins in the
extracellular matrix (ECM). The ECM comprises a titutle of different
proteins and proteoglycans mixed into an intricatetwork of
macromolecules expressed, secreted, depositedyrandssed by, and also
fully surrounding, cells within tissues. Similarlyp vitro, cell attachment
does not take place directly to the naked surfddbeomaterial but need to
be mediated by ECM proteins recognized by cell paare These proteins,
which include vitronectin, fibronectin, laminin ancbllagen, are called
adhesion proteins. The substratum can be eitheedday these proteins
before cell inoculation, or be conditioned by thefter inoculation owing to
proteins synthesis by the cells themselves or tdeprs coming from the
serum-supplemented culture medium. The ability afemals to adsorb such
proteins in an active form will determine their laii to support cell
adhesion and spreading and, hence, is an impowdapect of their
biocompatibility. For example, it was demonstratiedt more cells bind to
hydrophilic surfaces than hydrophobic surfacesembatith fibronectin even
though more fibronectin is bound to the hydrophobicface, probably
present in a less active forfn’

After being covered by proteins, the substratunfaser is able to
support cell adhesion which encompasses two diffgghenomena. First, an
attachment phase will occur rapidly by involving agtation and
sedimentation to up to about 50 nm from the surfabereupon physical
and biochemical forces act to close the cell-serfatistance gap.°
Afterwards, cells will attach firmly to the subgtren leading to longer term
adhesion thanks to various biological moleculesheatbn proteins (as
mentioned above), cell membrane proteins and cgtesin proteins which
will interact together to induce signal transducti@nd regulation of gene
expression.

19
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The ECM adhesion proteins exhibit conserved moiifs their
sequences (called adhesion sequences) recognizificglly by cell
membrane receptors (called adhesion molecules).e main class of
adhesion molecules is the integrin receptor fanilge integrin family is
composed of heterodimers of two types of sub-uaigsdp. So far, 8 and
18 o different integrin subunits have been found. Thiggegrin subunits
associate to form 24 distinet3 combinations, and each of the resulting
integrins has binding characteristics as summarized-igure 2. Most
integrins bind to several types of ECM moleculesl @onversely, ECM
molecules bind to more than one integrin. Integrag@ also undergo
bidirectional signaling. That is, when ECM bindghe extracellular domain
of integrins, it activates intracellular signalingutside in signaling).
Conversely, intracellular signaling can affect thenformation of an
integrin, which modulates its affinity to its ligauinside out signaling).

Leukocyte-specific m

receptors

@
@

@)
@E
(@)

aV

&)

receptors

s
3
‘ RGD
B

Figure 2: Integrino. andf subunits combinations. Biological specificity fathesion motifs
are depicted in colors: collagen receptors in demijnin receptors in green, RGD receptors
in orange and leukocyte-specific receptors in gkple meaning both collagen and
leukocyte-specific receptors). (adapted fi®m

Integrins are approximately 10 nm in diamg&t€rand botha andf
subunits have large extracellular domains (aboun@0longf and small

cytoplasmic domains. The extracellular domainses¢owecognize and bind
ECM molecules. Upon ECM molecules binding, integroan cluster and
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their cytoplasmic domains provoke the recruitmehttensin and focal
adhesion kinase, their phosphorylation and subselyune recruitment of
talin, vinculin, anda-actinin. Talin, vinculin andr-actinin link the F-actin
fibers to the plasma membrane. The rearrangemefft-adftin fibers into
bundles induces cell shape chany@ese clusters of integrins are called
adhesion plaque and are often located in the penypdf the cell. In general,
they are several square microns in area and cash r@@ um long on
cultured myoblast§: 2

1.2.2. Cell morphology, motility, proliferation and differentiation

As mentioned above, cell adhesion is the first euwercell behavior
and its quality will strongly influence the subseqgt responses. By
connecting integrin clusters and the nucleus withdctin cytoskeleton, the
focal adhesion will induce changes in cell shapeclwiwill modify the
nuclear matrix and thereby modify gene expressiod eell phenotypé.
Gene and protein expression, as well as phenotymdulation are also
regulated by potent signaling cascades towardsnti@eus, set off by
transduced signals from outside the cell. Thesaatigare ECM soluble
(growth factors, cytokines, hormones) and insoluolaglagen, fibronectin,
glycoaminoglycans,...) factors, which are transduced the cell thanks to
cell receptors. They are also mechanical stimuthiog from the local
environment. Resulting gene expression regulatasaiaell functions such
as cell motility, proliferation, cytoskeletal ordgaation, cell survival, and
protein production that provides signals to otheliscupon release (see
Figure 2)*

Consequently, the development of appropriate cedrpimology,
motility, proliferation and differentiation is reffted by a multitude of
factors (soluble and insoluble molecules as well the mechanical
environment). In the frame of this thesis, the ®will only be put on the
role of adhesion proteins in cell-material adhesiGalls fate is indeed not
only determined by the presence or absence of @msesion proteins but is
also directed by binding to the adhesion sequeandsreceptor clustering,
which are strongly influenced by parameters suchthasdistribution of
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ligands (i.e. the adhesion sequences present cedtiesion proteins) on the
substratum, the surface topography and the surifgicity.

oM

-‘/focal adhegon p|aque5\ A
A = P 7/ Grpwth
ot tor
keleton y
a Growth Factor
Receptor

actin

=
Mechanical Tr fuction/.
Cell-Surface cytoskeleton mediated signalling Soluble
Proteoglycans Signals
(electrostatic)
Gene Expression
Cell Protein Transcription
Proper Apoptosis
Signals No >Necrosis
Yes

Chemotaxis «—— | Phenotypic | 5 pigeo o ntiation
Expression
Morphology‘i/ l \TX Motility/Migration

Intracellular Attachment/

Signalling Proliferation Adhesion

Figure 3: Bioactive signals within the extracellular envinoent and global “outside-in”
signaling pathways for a cell interacting with exllular matrix (ECM). FAK (focal
adhesion kinase), T (talin), V (vinculin), Ten (&&m), Pax (paxillin)o-A (a-Actinin).*

Cell response to the distribution of ligands

The distribution of ligands on substratum and thailability of the
appropriate binding sites were seen to be very itapo in cell adhesion,
spreading and subsequent functions.
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The optimization of cell function by controlling Itadhesive ligand
spacing was examined and it was suggested thdigtrel spacing required
for completing cell spreading and focal contactsiedh from 10 nm to
several hundred of nanometéts'® Additionally, an increasing number of
ligands on substratum was shown to be correlatatl wicreasing cell
attachment strength while the average speed ofnaigitation exhibited a
maximal value occurring at an intermediate valuealf-substrate adhesive
strengtht”*® At low ligand densities, cell motility is limitedue to the lack
of available binding sites, but that at high ligatehsities, the surface is too
adhesive, so that cell locomotion is severely igstl. In fact, cell migration
influences proliferation, and it has been theoriteat an optimal ligand
density exists for both cell behaviors and ultimahenotypic expressiof.
Finally, proliferation and differentiation are aldependent on the ability to
disengage cell-surface connections, and are thers e be dependent on
ligand distributiorf! %

In addition to the ligand density, microscale ligapatterning was
also shown to be determinant for the control ofl dahctions. Cell
spreading, position and functions can be controitetependently of the
amount and density of immobilized integrin ligaras culturing cells on
single adhesive islands (surrounded by non-adhesigmns) of different
sizes (100 to 200 pm?) and shapes (squares, ciaglddines). Islands shape
was found to govern cell shapes and whether indalidells grow or die,
regardless the type of adhesion protein or integiged to mediate
adhesiorf® ** Few studies have also assessed gene expression and
differentiation behavior of cells which were comthinside patterns. This
gave new insights into the role of cell shape, sikgbetal tension, and
nucleus distortion in cell signalirtg.

Cell response to topography

Altering substratum topography is a noninvasive aondbiological
method to regulate cell function; because textsafiaces serve only as an
extracellular physical milieu without involving mwlecules. Topography
would act as an “outside in” signal providing bionettic cell-stimulating
cues (like cell$n vivo contacting textured surfaces of the ECR1).
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With regards to anisotropic topographies such dges and grooves,
studies have examined whether cells align alondehmires main direction,
irrespective of micro- or nanoscale (cell contagidgnce). Although long-
term cell behaviors largely remain unknown, anigoit topographies
induce drastic changes in morphology, cytoskelermhfocal adhesiorfs.*
Grooved topographies generally induce elongatedpeshawith cell
cytoskeleton directional organization, and the escdl anisotropic cues will
determine if cell alignment happens or not. Cellemtation generally
increases with increasing groove depth but decseaih increasing groove
width or pitch. Additionally, the scale of the cualso determines whether
cells bridge between ridges or conform to grooVeggh decreasing groove
width and increasing grooved depth, cells tendridge the ridges without
descending into the groovés.

With regards to surfaces uniformly or randomly tegtl with
topographic features (pits, pillars, islands, rio.), a control of more
general cell functions (such as morphology, prddifien, differentiation,...)
would be expected rather than specifically congaitiance expected in the
case of anisotropic cues. The topographic scale atgtermines whether
specific cell functions are altered or not. Micenid nanotextured surfaces
can induce positive stimulations in various celhdtions. Although the
comparison of various isotropic topographies mayrenily be difficult,
because of diversities in topographic size, shapéformity, and even
chemistry, a tentative trend can be drawn for aitéich range of
nanotopographic scale such that cell functionspastively stimulated at
smaller nanotopographic scale (~10 nm in heigtdemth) and this effect is
less pronounced with increasing nanotopographile sgato approximately
100 nm®

Cell response to surface rigidity/mechanical coupling

In addition to surface architecture, topograpigand type, density,
and accessibility affecting cellular behavior, dtdt® mechanical properties
are now becoming recognized as an important “oatand parameter as
well. In particular, cell focal adhesions assodatéth integrin cytoplasmic
regions act as mechanosensors that convert meahafocces into
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biochemical signaling. Consequently, cells are véagtile, constantly

applying forces via mechanically active structuf@s cytoskeletal features)
by pushing or pulling to actively probe the mechkahiproperties of their

surroundings and respond accordingly via their eegf spreading. It was
shown that ligand density and substrate stiffnesssagnificantly coupled

variables that together determine average cell\befsa such as extent of
cell spreading, shape and molecular organizatfaiel substrate is too soft,
cells do not respond to increases in adhesiondigemsity: pliable or water-
swollen, soft substrates (like hydrogels) requinbssantial ligand densities
(~1000 times higher) to elicit similar responsesmntore rigid substrates.
moreover, depending on the elastic propertiesefihtrix, cells respond by
orienting in the direction of the greatest effeetstiffness with subsequent
strengthening of their adhesion contacts with tyg@skeleton. In essence,
cells are guided by elasticity gradients, prefgriregions of greater
stiffness’

1.3. Collagen

One of the major factors affecting cell behaviomaterial surfaces is
thus the distribution of adhesion sequences (liganghich is strongly
dependent on the conformation and supramolecugnization of adhesion
proteins. Adhesion proteins are deposited on nasethrough adsorption
which is a spontaneous and often irreversible m®dhat occurs when
almost any foreign surface is exposed to a prateiation. Initial adsorption
occurs rapidly, effectively preventing direct irgetions between cells and
the substratum surface. Adsorption may be promatedpposed by a
number of potential enthalpic and entropic charvgésn the surface-water-
protein system which will severely differ in furati of the involved protein.
In the present work, we decided to focus on typellagen, an important
adhesion protein.

1.3.1 Collagen structure

Collagen molecule are composed of three polypeptidains ¢
chains) that fold together to form the characterisiple helical collagenous
domain (sed-igure 4. Several types of collagen exist, which contaihez
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three identicalo chains (homotrimers) or a mixture of two or three
genetically distinct chains (heterotrimers). Thguance required to form a
collagenous domain are Glycine-X-Y repeats in whiehX and Y positions
are frequently proline and hydroxyproline, respedti. Glycine is required
every third residue as it is the only amino acidmnough to pack into the
central core of the triple helix. Amino acids witirger side groups cannot
fit into the available space in the core of theihend hence disrupt or
prevent folding of the helix during trimer assemblhe hydroxyproline
residues stabilise the triple helical domain byrogeén bonding along the
helix.’

300 nm

glycine

Triple helix Molecular .
P molecule fibril

a-chain structure packing

Figure 4 : Collagen molecule structure and self-assembly. tadapom?® 23

More than 20 genetically distinct collagens existanimal tissues.
The fibrillar forms comprise collagen types |, lll, V, XI, XXIV and
XXVII. * Depending on the tissue, fibrils are arranged wdifferent
suprafibrillar architectures and with diameterst@®00 nm. Small-diameter
fibrils (~20 nm) are found in cartilage and alsocwrnea, whereas in the
latter the highly ordered arrangement of fibrilghini orthogonal lamellae is
essential for optical transparenty.
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Type | collagen is quantitatively the most abundabnillar collagen
in the body and is the major structural proteitone and teeth as well as of
many other tissue€.The collagen type | molecules (the triple chain® a
semiflexible rods of approximately 300 nm in lengtid 1.5 nm in diameter
and have the ability to self-assemble. A widelyested model of collagen
axial and lateral molecular packing involves fiveoletules which fold
together. These five molecules packing servestasia for the formation of
microfibrils which can further grow into larger &bs which show a
characteristic band pattern, called D-period. Deukicity is the result of a
67 nm axial shift between the molecules in paraltehy (see Figure 4). The
self-assembly/polymerization of collagen molecuds fibers is a thermally
driven process implying water-mediated intra- ameénbridges between the
polypeptide heliced, hydrophobic interactions between adjacent
moleculed® electrostatic interactioffs as well as interactions with specific
binding sites for fibril formation in different remns of the collagen
monomers? Fibrils have been shown to foimvitro as well asn vivo.?” *

As mentioned beforein vivo, collagen fibrils are assembled into
matrices with a variety of organizations and uttasgtures,which range
from parallel bundles in tendons and ligamentspitinogonal lattices in
cornea, and interlocking weaves in blood vesskis, and boneDespite the
extensive amount of research on the details ofgel self-assembly, the
process through which this high order of organaratis producedn vivo
and during development has not been clarified yaten if collagen
molecules have the ability to self-assemintevivo, fibrils will not form in
the absence of fibronectin, fibronectin-binding amdllagen-binding
integrins, and collagen type VibfFillar collagens have in fact ~50 known
binding partnersn vivo. Consequentlyfaced with so many potential binding
partners, collagen molecules might easily be sdqrex into dead-end
molecular interactions, which would lower the effee concentration of
collagen monomers available to form fibrils by sstsembly/polymerization
process. This number of binding partners is preslynmaquired to generate
the diversity of fibril patterns. It was then sugtgsl that cells use collagen
type V to nucleate collagen fibrils, and fibronactind integrins to specify
their site of assembly. By localizing fibril fornam close to the plasma
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membrane, the cell maintains tight regulatory aantof collagen
fibrillogenesis, which is clearly essential for th@mation of long-range
packing assemblies of collagen fibrils in differéasues’

On the other siden vitro, purified collagen spontaneously assembles
into fibrils because collagen molecules are fredittd to other collagen
molecules, and only collagen molecules. Howeveltagen polymerization
in solution may still be influenced by some parargtnamely, the collagen
extraction process and the solution properties (@hjc strength and
temperature). Collagen solutions are extracted fuemebrate tissues and
brought into solution without denaturatiofollagen extraction may be
performed in three different ways: (i) dissolutiam cold neutral salt
solution, (ii) dissolution in low ionic strength idic solution or (iii) by
limited enzyme digestioT he first two techniques lead to collagen solutions
with more aggregates than the third 8hé? However, the use of solution
extracted with the third technique will lead todellagen polymerization.
The solubilization of collagen by enzyme digestiproceeds with the
cleavage of the telopeptides (non-helical end)affagen monomers which
decreases collagen self-assembly. Regardingpthedependence of the
collagen polymerization, level aggregation tendsniwrease when the pH
approaches the isoelectric point (iep). Aroundidgme the surface charge of
the collagen monomers is reduced, which would miremelectrostatic
repulsion and favor collagen molecule aggregatiddowever, there is no
consensus in the literature regarding the iep vafumllagen. This may be
partly due to the extraction process which leadgariation in the length of
the non-helical domains of the molecule and in [thesl of aggregation,
affecting the pk,. This may also result from the very anisotropiash of
collagen molecules, which affects the electrokmetineasurements.
Experimental values of pk, of 6.0°° and 9.3" were reported for type |
collagen. It was also demonstrated thatitrec strength and the nature of
the salt could influence the pHand thereby influence the level of
aggregation. The pkj of collagen was found to be 9.2 in 12 mM NaCl and
7.4 in 12 mM NaCl and 10 mM MdPO,.** Collagen fibril formation in
solution also depends demperature. Polymerization is, in fact, known to
be initiated by warming. However, temperature ddrifi formation can
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coincide with temperature of denaturation of monomeollagen. This is an
opposite process consisting in a melting of thpldrihelix leading to the
rupture of hydrogen bonds and to a rearrangement dnrandom chain
configuration?” The melting point of collagen as well as his thelrstability
increase slightly with increasing pH, and aggregigeaturation occurs at
higher temperature compared to monomeric moleédilé$.The melting
point of the collagen monomer ranges from 32°C-3at(H 2 to 39°C-
40°C at pH 7; newly formed fibrils melt at 52°€C It was suggested that the
increase in the inherent stability of the colladpetix with pH was partially
related to stability conferred to collagen by aggten?

1.3.2 Control of collagen layersorganization at solid interfaces

Owing to its rather rigid structure, collagen is easily deformable
upon adsorption. Then, rearrangement in the pratguncture should not
greatly contribute to the driving force of adsoopti contrarily to the
behavior of most globular proteins. The nearly petfedence of collagen
adsorption with respect to ionic strength and patiteto the conclusion that
ionic and electrostatic interactions do not contomllagen adsorption
either?® The main driving force for collagen adsorptionsldathus be a gain
of entropy due to a change in the hydration statédhe sorbent and of the
protein surface, involving hydrophobic interactioaed van der Waals
forces®

Collagen adsorption has been studied for more 8taryears and
many factors were then identified as critical in ntrolling the
supramolecular organization of collagen at solitkriiaces. Those factors
can be classified into three categories: (i) thkagen solution properties,
(i) the adsorption conditions and (iii) the sulastim properties.

Influence of the collagen solution state:

Collagen solutions contain mainly collagen monomngriple helix)
and some aggregates. The proportion of aggreg&@snds on extraction
conditions and on solution properties (as discussdtie previous section)
but also on tissue age and organ from which caflageextractedPure
monomer solutions are, indeed, difficult to obtiinThe proportion of
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aggregates in solution will strongly influence thlself-assembling at
interface. It was demonstrated that more aggregsoéutions behave like
less concentrated solutions and lead to a loweorbedd amount and less
fibril formation at the interface. This is explatheby a competitive

adsorption process between monomers and aggreghtdise solution,

turning at the advantage of monom&rs.

Accordingly, collagen solutions are generally statkin such
condition that collagen self-assembly is limitedthmthe monomeric form
mainly (considered as soluble), that is to sayald @and acid solutions. For
adsorption experiments, if the purpose is to sttmliagen self-assembly at
solid interface, collagen solutions properties nieefhvor the aggregation. It
has been found that conditions for the formatiomative type fibrils are in
the pH range of 5.0-85, ionic strength between ard 0.8, and
temperatures between 15 and 37*%¢®

Influence of the adsor ption procedure

Besides the conditions and methods used to prepatagen
solutions (discussed deeply in the previous segtidhe duration of
adsorption as well as drying conditions after ttisasption time will greatly
influence the obtained collagen organization arfiaces.

The evolution of the adsorbed collagen layer incfiom of the
duration of adsorption was studied in terms of dostd amount and
organization. At a collagen concentration of 40nplg/the adsorbed amount
was seen to increase sharply up to 2 h, after whiphateau was reached.
However changes in the organization of the collalgger are still present
between 2 h and 24 h, at almost constant adsonoedrd and imply the
formation of fibrils. These reorganizations may eeplained either by
exchanges between adsorbed collagen and collagecutes in solution, or
by reorganization of adsorbed collagen at interf&cé

The rate of drying has also a striking effect om dinganization of the
adsorbed layer obtained at low concentration amdt stdsorption times. A
smooth layer is formed after fast drying while sldwying produced a net-
like structure®® ** The formation of such net-like structure is atitéd to the
rupture of the liquid film by dewetting, collagereibg displaced by the
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water meniscu¥. The formation of the net-like structure did notecwhen
increasing collagen concentration in the solutisedifor adsorption. The
increased intermolecular collagen associationstlameght to prevent the
displacement of collagen along the surface pfamdote that applying fast
drying with a nitrogen flow after collagen adsooptipreserves the structures
formed under water. Since atomic force microscdyM) images obtained
in contact mode in water, in tapping mode in wated in contact mode in
air are consistent with each other, the observadttsires in air are not
artifacts. Nitrogen flow, then, preserves the dties while giving them a
sharper contrast, which indicates that the adsdeyest would be swollen in
water?®

Influence of the properties of the substratum

As it was briefly mentioned at the beginning ofsthintroduction,
material properties, such as surface topography angstallinity,
hydrophobicity, roughness, and chemical compositian drastically affect
the organization of the adsorbed protein layer imdubsequent biological
activity. Many material properties are also shownirfluence collagen
organization at interfaces.

A number of studies have examined the effecsudfstrate surface
chemistry on the adsorption of collagen from solution angehaoncluded
that both the amount of adsorbed collagen andrnttsre mainly depends
on the surface wettability. Elliotet al. studied the effect of a range of
homogeneous surfaces with different wettabilities oollagen fibril
formation, using self-assembled EHCOOH-, NH- and OH-terminated
alkylthiolate monolayers. They then compared theselts with substratum
of varying surface energy by using mixtures of Citkd CH- terminated
thiols. Their results showed that the formatioriasge fibrils did not occur
on the charged and hydrophilic surfaces. This lgaadbe conclusion that
hydrophobicity of the material surface was the i§igant factor in
controlling the supramolecular structure of adsdrigellagen. They also
mentioned a water contact angle limit of 63° belasich large fibril
assembly would not fornf.
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In our laboratory, the organization of collagentymrophobic and
hydrophilic surfaces has been studied thoroughly for many years. The
combination of the information brought by AFM irs itlifferent operating
modes together with the data from radioassays andrtzy crystal
microbalance lead to a model of the organizationcoffagen adsorbed
layers, as illustrated by Figure 5.

hydrophilic

Figure 5: Schematic representation of the organization obdmdsl collagen layers on
hydrophobic and hydrophilic substrates. (adaptechff)

On hydrophobic substrates, if the concentratiomigh enough, collagen
molecules are in contact with the substrate ontpuph some segments,
leaving part of the molecules dangling in solutidihis would explain the

higher reversibility of adsorption. Fibrillar sttuces are thought to be
bundles formed by self-assembly of these mobilensegs. On hydrophilic

substrates or at low concentration, the collagefecubes tend to lie along
the surface plane and are intermingled into a vefitich is more compact,
less compressible, and more mechanically resistéiet.adsorbed molecules
may reorganize slowly with time, finally also praitg fibrillar structures

as a result of the tendency to self-asserbie.

Besides the hydrophobicity of the substratum, tb#agen layer
morphology was seen to clearly depend on dhbstratum topography.
Substrates with the same chemical composition, eeitesmooth or
nanostructured, were created and collagen was \wibern them. The
presence of nanometer-scale protrusions hindeeedbtimation of collagen
fibrous structures. This effect was attributed tffecences in the protein
mobility: while the collagen molecules would beatetely free to move and
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assemble on smooth surfaces, the nanoscale postsusi rough substrata
would inhibit the collagen mobility.

Finally, thesurface crystalinity of the substratum was also shown to
be determinant for collagen organization. Studiesggmed on mica have
shown that the crystallographic orientation of tivéca surface could
influence collagen alignment. On muscovite micagduectionally aligned
layer of collagen were formed, while on phlogopiteica, collagen
assembled into a novel triangular network. The rfatizce was thus seen as
leading the growth direction of fibrils during tihecleation step of collagen
fibril formation.>®

1.4. Heterogeneous surfaces

In their natural environment, cells are confrontedhanostructured
surfaces since extracellular matrix is a highlystured environment. Cells
are then highly sensitive to surfaces which areerogeneous at the
nanoscale. Engineering surfaces that closely mithee complexity and
functionality of the ECM has currently become offie¢he challenging aims
in biomaterials science.

1.4.1. Case of bonetissue engineering applications

Bone tissue is a nanocomposite that consists gbiip-based soft
hydrogel template (i.e., collagen, non-collagenom®teins (laminin,
fibronectin, vitronectin) and water) and hard irem@ components
(hydroxyapatite). Bone is then a self-assembledstanctured ECM that
closely surrounds and affects mesenchymal stemasttboblast, osteoclast
and fibroblast adhesion, proliferation and difféi@ion>® The design of
novel nanomaterials which not only possess exdefifethanical properties
but are also biomimetic in terms of their nanogtite; has become a key
issue in biomaterials and tissue engineering fielterefore, in the case of
bone tissue engineering applications, various naaeg ceramics, metals,
polymers and composite scaffoldds have been desidpye controlling
surface properties.
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Ceramics, such as hydroxyapatite (HA) (native constituenbonfe),
are popular bone substitutes due to their abiitgromote mineralizationn
vitro studies demonstrated that nanophase-HA significaehhanced
osteoblast adhesion and osteoclast-like functiom strikingly inhibited
competitive fibroblast adhesion compared to coriveat grain size HA> **
Nanophase metals have been extensively investigated for orthopedic
applications due to their higher surface roughnesergy, and presence of
more particle boundaries at the surface compar#u sanventional metals.
For example, nanophase titania (Ti), Ti-6Al-4V af@bCrMo alloys
significantly enhanced osteoblast adhesion compated respective
conventional metal®¥ Synthetic and natural polymers (e.g., polyglycolic
acid (PGA), poly(lactic-co-glycolic acid) (PLGA), oly(L-lactic acid)
(PLLA), polylactic acid (PLA), polycaprolactone (B{; gelatin, collagen,
chitosan) are excellent candidates for bone tiggneering applications
due to their biodegradability and ease of fabrarati Nanoporous or
nanofibrous polymer matrices can be fabricatedelétrospinning, phase
separation, salt leaching, chemical etching and @ibting technique&’ A
large number of studies report the promises of biwmtic 3-D
nanostructured polymer scaffolds basechanocomposite polymers, which
encapsulate stem cells and/or osteoblasts. Thdtsedemonstrated for
example that osteoblast proliferation, alkaline gpfatase activity and
mineralization were higher on the highly flexible CIFHA/gelatin
nanocomposite when compared to other PCL nanofibsoaffolds”

Since materials presenting nanoroughness appearednprove
osteoblast adhesion and differentiation, numeraadfads prepared with
such roughness and/or porosity resulted in suadesigfical outcomes and
are eventually expected to enter the commerciakenit The positive effect
of nanoroughness was suggested to be due to apagerof the surface
energy or wettability which would induce a higlesorption of proteins
such as vitronectin (a protein well-known to proenosteoblast adhesion) on
nanophase materials compared to conventional ratgefihis would explain
the subsequent enhanced osteoblast adhesion emtlagsrial$® ®
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1.4.2. Nanopatterning of proteins

Nanoscale control of ECM-derived peptides and metehas
primarily been used for non-regenerative medicipplieations, including
biosensing, drug delivery and for model systemsotider to study cell
functions such as adhesion and spreading. Howsivexe the positive effect
of nanoroughness observed for bone applicationsldvine due to a
particular protein distribution, and since integrand focal adhesions are set
off by a particular protein distribution on subnaorsize scales, there is a
compelling rationale for also studying the effethanopatterned proteins in
bioadhesive tissue engineering applications.

Success in nanopatterning proteins in predefinecdations is
principally achieved through two approaches (directindirect). Proteins
were disposed either onto homogeneous surfacasgthmanoscale physical
contact or selectively onto nanoscale chemicakpagtfrom solution.

In the first case, the nanometer-scale size optysical contact was
controlled by use of scanning probes, direct wgitmethods using pins or
tips, or elastomeric stampEhese approaches can allow immobilization of
proteins at the desired positions with high resofut(i.e. tens of
nanometers). However, they are less suitable fdteqng sensitive
biological species, since these methods can indebgdration which could
lead to protein denaturation and loss of biologéivity >

In the second case, selective protein depositios imaduced by
specific or covalent bonds toward domains defingdfe surface chemistry
and/or by the relative inertness of the other smarfahemistry® These
approaches have been developed using various fgphbg techniques,
typically microcontact printing, photolithography and nanoimprint
lithography. These lithographic techniques are pwéechniques to obtain
regular motifs with highly controlled size. For exale, owing to this kind
of techniques, the design of anisotropic, flatfeste chemical nanopatterns
(alkyl-terminated tracks drawn in an oligo(ethyleggycol)-terminated
matrix) was achieved and allowed spontaneous atisorgnd accumulation
of collagen on the hydrophobic tracksHowever these methods are very
slow and expensive. Moreover, the elaboration ofpdas with large surface
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area (required for cell culture for example) at tamoscale, is difficult to

achieve. Therefore, more direct and easier appezacivere also

investigated, such as polymer-assisted patterewey if less regular motifs
with less control in the obtained sizes can beeasd. Block copolymers
(giving patterns with nanometer-size scale) or pmly blends (giving

patterns in submicron-size scale) phase-separitesi dre thus now widely
used in protein patterning. For example, PS/PMMéntds were studied as
templates for albumin patterning. After short agéon time, albumin was
foundto adsorb preferentially on PS and at PS/PMMArfates®

1.5. Aim and research strategy

The general aim of this research is to contribatéhe development
of model biointerfaces with a view to better untkmng and control the cell-
protein-material interactions. More particularlyuroresearch aims at
developing heterogeneous (submicron scale) surfearethe control and
modulation of collagen distribution. This will allothe evaluation of the
impact of the obtained surfaces on cell behaviodhésion protein
organization is one of the major factors influegcicell adhesion.
Furthermore, heterogeneity in their distributionulco affect the ligand
availability and interfere with the formation ofda adhesion. This work is
expected to bring novel information that will bedresting for the design of
new biomaterials dedicated to tissue engineerirgicgiions, resulting in
the future in successful clinical outcomes.

A strategy in three steps (as illustrated in Figi)revas set up to meet
this objective:

(i) preparation of the heterogeneous surfaces;
(i) protein adsorption;
(iii) cell culture.

These three steps are developed here under.

36



Introduction

(i) (i) (iif)
Heterogeneous surfaces Protein adsorption Cell culture
preparation

@ Or
Spin-coating of two Pre-osteoblasts

Collagen

MC3T3-E1

immiscible polymers

Figure 6: Schematic representation of the strategy of theighievolving three steps.

1.5.1. Preparation of the heterogeneous substrates

Since collagen adsorption and supramolecular iagdon depends
mainly on surface wettability, it was decided toeate heterogeneous
substrates in term of chemical composition, withfaaes containing
hydrophobic inclusions in a more hydrophilic matax conversely. Polymer
demixing via spin-coating is a rapid and effectiveay to generate
heterogeneous surfaces. The combination of cheraiwdfor topographical
features of the heterogeneities can be chosen dingoto the conditions
used and consequently, a broad range of differeterbigeneities can be
easily obtained. Since most polymers are immiscitiie combination of
polymers that can be used to generate the hetexogersurfaces is very
broad as well. In this study, the immiscible polysesed for demixing were
mainly polystyrene (PS) and poly(methyl methacg)atPMMA). These
polymers are commonly used in contact with biolagisystems (bone
cement, dental fillings or intraocular lenses ia tase of PMMA, and Petri
dishes or multi-well plates in the case of PS).i&t&ns in the chemical
composition of the heterogeneities were also intced by the use of two
copolymers: a random copolymer derived from PMMAglygmethyl
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methacrylate)-r-poly(methacrylic acid) (PMMA-r-PMAAand a block
copolymer derived from PS, polystyrene-b-poly(etimd oxide) (PS-b-
PEO). These four polymers, whose molecular formalag properties are
presented in Table 1, were used to generate thinels kf blends leading to
different heterogeneous substrates:

- blends of PS and PMMA

- blends of PS and PMMA-r-PMAA

- blends of PS-b-PEO and PMMA

Table 1: Polymers used to generate the heterogeneous sulfgapin-coating

Name

Information given

Abbreviation Molecular formula by the supplier Supplier
Homopolymer
Polystyrene PS . M,, =140 000 Merck
nr M,, =230 000
poly(methyl O30 Homopolymer
PMMA * — Aldrich
methacrylate) ~, M,, =996 000
Block copolymer
PI: 1.06
polystyrene-b- PS block: Polymer
Iv(ethyl d PS-b-PEO H —
poly(ethylene oxide) * ~ O‘}"/' M,, =20 000 source
PEO block:
M,, = 6500
poly(methyl OO OsOH Raml_om copolymer
methacrylate)-r- PMMA-r- M,, =~10° .
. * Polysciences
poly(methacrylic PMAA n ol 80% PMMA
acid) 20% PMAA

M,, : Number average molecular weight
M,, : Weight average molecular weight

PI1: Polydispersity

The morphologies and compositions of the differentestigated
films were characterized by different surface asialytechniques. X-ray
photoelectron spectroscopy (XPS) was used to deterrthe surface
chemical composition. Wettability was evaluatechgsivater contact angle
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measurements() (in static conditions). Atomic force microscopiHM)
was performed in contact (height scanning) or tagheight and phase
scanning) modes. Height scanning allows evaluatibsurface roughness
and film topographies while phase scanning allowaluation of films
mechanical properties which could lead to idemtifychemical contrast in
certain case.

1.5.2. Protein adsorption

The focus was put on collagen which is the maiocstiral protein
found in ECM. As it canassemble into matrices with a variety of
heterogeneous organizations and ultrastructures tontrol and
understanding of its distribution on synthetic mialeand its subsequent
influence on cell behavior appear to be of gretdrast. However, only a
few studiesdedicated to the analysis of the impact of heteregas
distribution of proteins on cell behaviare devoted to collagemost of the
studies on that subject being devoted to fibronecti

As mentioned in the previous section, we decidecbturol collagen
distribution by using surfaces that are heteroges@o terms of wettability.
Heterogeneous protein distributions can be obtaieitder by trying to
confine proteins in the domains constituted by ohéhe polymers (matrix
or inclusions), or by modulating the supramolecueganization between
polymer inclusions and the surrounding polymer mat®ur purpose, here,
was to identify adsorption conditions leading t@ afithese cases.

In both approaches (illustrated in Figure 7), optation of
adsorption conditions was only investigated undersplogical conditions
which will be prevalent for cell culture. In thedi approach, our strategy for
the elaboration of heterogeneous collagen layess fisst to determine the
concentration leading to a contrast of supramoércofganization between
homogeneous surfaces of PS and PMMA. Then, thisesaration was used
to study collagen organization on heterogeneoutases. In the second
approach, our strategy for protein confinement wittlomains of a given
polymer involved the use of poly(ethylene oxide)e@® for the other
domains. PEO strongly binds water and is known tevent protein
adsorptiorf” °On the one hand, PEO was introduced in PS/PMMAdsle
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by interchanging PS by a PS-b-PEO block copoly®erthe other hand, a
triblock copolymer of poly(ethylene oxide)-b-polygpylene oxide)-b-
(poly(ethylene oxide) (PEO-b-PPO-b-PEO) (known Bsdnic) was added
to the protein solution to be used as a competitoing adsorption. The
Pluronic F68 (PEg)-b-PPQq-b-PEQ) from BASF was used. This Pluronic
has a weight average molecular weigH,, of 8350 g/mol. Reduction of
protein adsorption generated by the use of Pluramés found to be
dependent on the substrate wettability, the redoctieing much more
pronounced on substrate with higher hydrophobi¢ityhe idea here was
then to benefit from the hydrophobicity differeredsting between PS and
PMMA.

/ First approach: \ Second approach:
heterogeneity in organization Protein confinement in one type of polymer domains

PS-PEO /

PEO- PPO-PEO

PS-PEO / Ps/

Figure 7: Different approaches used for the design of colidggers showing an ideal
heterogeneous distribution.

Protein organization layers were investigated by XPhis technique
was used to determine nitrogen molecular fractiohshe protein layers,
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related to the detected amount of proteins. Addlitily, AFM in tapping
height mode was used to investigate the proteiarorgtion on the films.

1.5.3. Cdl culture

Cell culture experiments were performed with a viewevaluate the
impact of the obtained collagen heterogeneous cesfan cell behaviors.
MC3T3-E1 (subclone 14) was chosen for these expmetsn It is a robust
cell line derived from newborn mouse calvaria ostasts and immortalized
by Sudoet al.”” Cells of this clonal line are considered as aeamgnic cell
line, having the capacity to differentiate intoesgtlasts and deposit minerals
in vitro.”” Osteoblast-like cell lines have showed their gbilo adhere to
fibronectin, collagen types I, IV, and vitronectinrough the binding of
integrin heterodimers such a1, o2p1, asPs, ospa, avPs, andaPs.”> "

In this thesis, the focus was put on short timeeerpents (3 h, 24 h
and 6 days). General morphologies as well as celdisadeveloped by the
cells were examined by immunofluorescence microgc@pree fluorescent
dyes were used: (i) TRITC-conjugated phalloidin ¢irder to stain actin
cytoskeletons in red), (ii) 4,6 diamidino-2-phengole (DAPI) (in order to
stain nucleus in blue) and (iii) mouse anti-vinnuthonoclonal antibody (in
order to stain vinculin, a focal adhesion protamngreen). Besides cell
morphology, cell activity (thanks to alamar bluestjeand cell density
(thanks to counting of DAPI stained cells) wereats/estigated. After that,
long term experiments (1, 2, 3 and 4 weeks) wese latoached with a view
to study cell differentiation on our substrateswdwger, we were never been
able to obtain a differentiate state of our celkélon glass control. Long term
experiments were thus not performed on polymersiil&ccordingly, results
on glass were not presented in this thesis.
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2. Summary of main results

2.1. Elaboration of the heterogeneous surfaces

The heterogeneous surfaces were generated by cgiimg of a pair
of immiscible polymers in solution in a common soit. In most case,
polymers in a blend are actually thermodynamicatiyniscible. Polymers
have very small entropies of mixing due to theighhimolecular weight.
Therefore, even a slightly positive enthalpy duestalothermic mixing is
sufficient to produce incompatibility. Spin-coating polymer solutions is
used to produce thin homogeneous and smooth filmseproducible
thickness. This deposition technique consists acipg drops of polymer
solution on the center of an inert substrate, wiliscthen rotated at a fixed
speed of several thousand rpm. The solution flexasaily outwards, thus
reducing the fluid layer thickness and the evapomnadf the solvent results
in a film of uniform thicknes$’

In thin films produced by spin-coating, the phaserphology of
immiscible blends can consist in distinct phasecstre, with one phase
dispersed in a matrix of the other, or in a bi-owmus system, with no well-
defined dispersed phase. The obtained morphologgoigerned by the
complex interplay between phase separation prosesse the interactions
of the polymer phases with air (the system willdtdn lower its surface
energy by enriching its surface with the comporanibwer surface energy)
and substrate (the substrate surface will tend goctver by the blend
component of higher affinity). The relative solutlyilof each polymer for the
solvent used is crucial as well. During the rapidporation of the solvent,
the less soluble phase will be more quickly depletethe solvent and will
turn solid earlier than the other phase. Subsegemapioration of remaining
solvent will lead to a further collapse of the memduble phase, which will
be thus finally less elevated than the other 8ne.

Three blends were investigated (PS/PMMA, PS-b-PEDIR,
PS/PMMA-r-PMAA) and they were dissolved in two difént solvents
(dioxane and toluene), prior to spin-coating. Befotackling the
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investigations of these blends, the following smwti will first begin with
two technical problems linked to the elaboratiofiilais by spin-coating.

2.1.1. Spin-coating and polymer films adhesion to inert substrate

In order to prevent any interference of the substwath the polymer
film during the spin-coating process, inert sulissaare often desired.
Therefore, inorganic substrates such as glass,sretd mineral substrates
are generally chosen.

However, the adhesion of organic layers on inorganbstrates may
not be very strong and not very stable under ligquidditions. For example,
we observed that 50% of the PS films spin-coatedhative glass were
detached from the substrate after 24h of immersioa phosphate buffer
saline (PBS). After 3 days of immersion, most & flims were detached.
Glass is hydrophilic and can attract water at titre/$ubstrate interface
which can generate film detachment. This would madedl culture
experiments very difficult and limited in time.

Two methods were investigated to solve this probl&irstly, we
tried to improve the adhesion of films on glasshwy use of silane coupling
agents which can be grafted on glass. They amsilbased compounds that
contain both inorganic and organic reactive funciio the same molecule,
e.g. (ROJSICH,CH,CHx>-X (where X is an organofunctional group).
Coupling agents act at the interface between imicgand organic substrates
to bind the two dissimilar materials together. Toanding of a coupling
agent to an organic polymer is complex. The siniplesy to choose an
effective silane for a polymer is to match the pmigs of the organic
function with the properties of the organic polyn{an epoxysilane will
bond to an epoxy resin and a methacryle silanehaifid to an unsaturated
polyester resinj? In order to help to choose the better couplingager one
application, manufacturers provide lists of couglagents compiled on the
basis on previous works. In our study, we had ta fa coupling agent
matching for PS as well as PMMA since blends o§¢hevo polymers were
prepared. For this application, the use of metHagypropyltrimethoxy
silane (see Figure 9Figure 8A) as coupling agenst suggested (SIM6487 .4,
ABCR). Secondly, in order to solve the problem odamic films adhesion
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on inorganic substrates, the use of organic substfeas also investigated.
Instead of using modified glass as substrate, waddd to use PMMA
plates. These were created by compression moldiMdMA powder. As
the substrates have to be inert, a PMMA of highemalar massy,, 996,
000) was chosen to limit PMMA dissolution of thgdates during the spin-
coating time frame. These two methods are illustrét Figure 8.

(A) (B)

Silanized-inorganic substrate: organic substrate:
MOPTMS silanized glass PMMA plate

o/\/\ Si (OCH

MOPTMS

3)3

Figure 8 : Types of spin-coating substrates investigatedisittiesis. (A) inorganic substrate
(glass silanized with a methacryloxypropyltrimetiiadane (MOPTMS)) and (B) organic
substrate (PMMA plate)

In order to check the stability of these two sudisss, the spin-coating
of two PS/PMMA blends (prepared from 30/70 and @0pblymer ratios
(w/w) and dissolved in dioxane) were investigatedppeared that adhesion
of polymer films on MOPTMS-treated glass and PMMAates was
improved drastically as most films did not detachera4 weeks of
immersion in PBS. Films spin-coated on PMMA plagt appeared to
detach less than on MOPTMS-treated glass.

Additionally, the nature of the substrate was shawvinfluence the
morphology of spin-coated polymer blends. Figungrésents AFM images
of polymer films spin-coated on native glass, MOFS-ieated glass and on
PMMA plates. The use of 30/70 polymer solutioradie to morphologies
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showing islands of PS surrounded by a PMMA matrinlev90/10 polymer
solutions generate morphologies with inclusions dityoholes) of PMMA
surrounded by a PS matrix. MOPTMS-treated glasstsaties lead to less
elevated inclusions with a more irregular shapa tie others and PMMA
plates generate more defaults in the polymer films.

PS/PMMA PS/PMMA
30/70 90/10

Native Glass

MOPTMS Glass

PMMA plate

Figure 9 : AFM height images (2.5 x 5 pm?, z =10 nm; surrouhi solid line) and phase
images (1.25 x 2.5 um?, z = 10°; surrounded byhwatdine) obtained after spin-coating of 10
g/L PS/IPMMA solutions (30/70 and 90/10) in dioxamethree different substrates (native
glass, MOPTMS-treated glass and PMMA plates)

The type of substrate also influences the film cositjon. Table 2
presents the water contact angles and carbon aypgeoxmolar surface
fractions measured by XPS on homogeneous PS andAPHMs spin-
coated on the same three substrates (native gSBB,TMS-treated glass
and PMMA plates). Similar results were obtainedtfar three PMMA films
while in the case of PS, films spin-coated on PMIglates show a higher
oxygen molar fraction and a lower water contact@nghis is probably due
to the partial dissolution of the substrate upan-spating despite the use of
high molecular mass PMMA.
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Table 2: Carbon (Gps) and oxygen (¢&s) molar fractions obtained from XPS analyses and
water contact angle®()of PS and PMMA films spin-coated on three differsmbstrates
(native glass, MOPTMS-treated glass and PMMA p)ates

PS PMMA
glass MOPTMS PMMA glass MOPTMS PMMA
Cyes (%) 99.8 99.9 97.3 74.8 75.3 745
Oxes (%) 0.2 0.1 2.7 25.2 24.7 25.5
0,2 (°) 920+x04 90.2+x0.6 85.0x2Pp 73.0x05 7183 723038

#Contact angle is given with confident interval a¥®tetween 8 and 11 measurements)

In summary, PMMA plates are partially dissolved mgpin-coating
and led to polymer films with small defects whileORRTMS-treated glass
does not interfere with spin-coating and leads tooaher films.
Accordingly, even if adhesion of the film to thebstrate is a little bit better
on PMMA plates compared to MOPTMS-treated glass,PVIMS-treated
glass was considered as the best substrate tonuigiid conditions. The
elaboration of blend polymer films presented in thiédowing sections will
not be always performed with MOPTMS-treated glasshés choice was
made over the course of the thesis.

2.1.2. Spin-coating and reproducibility

At certain periods of the year, especially duringmmer, the
reproducibility of the spin-coated films morpholegiappeared to be limited.
This lack of reproducibility appeared to be moreamant with polymer
solutions and with polymer solutions in dioxanete@ming PS-b-PEO. As an
example, Figure 10A presents AFM images showingptia reproducibility
observed for PS-b-PEO/PMMA (60/40 (w/w) ratio iroxtine) films. The
ambient humidity during spin-coating seemed to beolved since the
problem could be solved by flushing the spin-caatthamber with nitrogen
for at least 10 min before spin-coating. Howevehew ambient humidity
raised 60%, this nitrogen flushing step was nofigaht. Above 70%,
macroscopic artifacts appeared (see Figure 10BGndhe O-ring which
maintains the sample in contact with the spin-aostieport seemed to print
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his shape on the film. Beyond 90 % of humidity sthatter artifact even
appeared on solutions on PS films prepared froolwdisn in toluene.

Accordingly, whatever the solvent or polymer use®, decided to
always perform spin-coating with a nitrogen flughistep and only if
ambient humidity was below 50 %. However, sincs ginoblem was solved
over the course of the thesis, these precautiome vy followed for the
elaboration of PS/PMMA films. The two other systemsre prepared by
trying to avoid macroscopic artifacts (films withaoroscopic artifacts being
always discarded).

(A)

', Z=100m

(B)
O-ring

Spin-coater
support

polymer film on
glass coverslip
with
macroscopic
artifact

Figure 10: (A) AFM height images (2.5 x 5 um?) of differemtres imaged from one PS-b-

PEO/PMMA film prepared with a polymer ratio of 60/dissolved in dioxane. (B) Glass

coverslips (substrate) with spin-coated polymendil without artifact (left) and with
macroscopic artifact (right). (C) polymer film spinated on glass substrate showing artifact
with a shape similar to the O-ring of the spin eoaupport.
Besides this problem of reproducibility upon polymdéims

production, when spin-coated, film morphologiesegpo be very stable in
time. PS/IPMMA and PS/PMMA-r-PMAA films morphologiesmain stable

at least for one year.
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2.1.3. Film morphologies and compositions
PSPMMA blends (details are presented in chapter 2, p119)

Blends of PS and PMMA dissolved in a common solvgither
dioxane or toluene) were prepared with differertFRBVIA polymer ratios:
30/70 (w/w) and 90/10 (w/w) in dioxane, and 30/&dw) and 5/95 (w/w) in
toluene (hereafter noted as 30/70d, 90/10d, 30dn@t 5/95t). The total
polymer concentration was always 10 g/L. Spin-captif these blends as
well as of pure PMMA and PS solutions was perfornatb MOPTMS-
treated glass. AFM images of these blends recomddpping mode and
giving information on topography (height image) acldemical contrast
(phase image) are presented in Figure 11. A pharsteast was recorded for
each blend indicating that each film displays ismuas of one polymer
surrounded by a matrix of the other one. Excepttier90/10d film, which
seems to present no topography, these phase derdrascorrelated with a
topographic contrast (shown on the height imagegaling holes or islands
morphologies which are less than 10 nm in depthegght. Combining this
information with the PS fractions detected in scefgsee chapter 2 for
computing details), we were able to assign eactsetia PS or PMMA.
Thereby, these films can be classified into twaegaties: films presenting
PS inclusions (being either holes or islands) PMMA matrix (5/95t and
30/70d) and films presenting PMMA inclusions (beirglands or not
correlated with a specific topography) surroundgdabPS matrix (30/70t
and 90/10d). The contact angle of the surfacesptes a PMMA matrix is
closer to the one obtained on pure PMMA matrix lisser to the one
obtained on pure PMMA, while &, close to the one of PS is recorded
where that polymer forms the matrix.
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Pure PS Pure PMMA
0/100in toluene

100/0 in toluene

o, 90.0° e, 71.0°
% PSyps 100% % PSyps 0%
R 0.33nm Rims 0.42nm

rms

PS inclusions in a PMMA matrix

30/70d

o, 75.0° o, 75.5°
% PSyps 10% % PSyps 32%

% darker phase,p,, 16% % darker phase,;,, 36%

Depth of pits 8 nm Height of islands 2 nm

PMMA inclusions in a PS matrix

90/10d

o, 84.5° o, 85.0°
% PSyps 70% % PSyps 82%

% darker phase,py 61% % darker phase,py 79%
Height of islands 8 nm Rims 0.33nm

Figure 11: Characteristics of films prepared from PS/PMMA s$iolus. AFM height images
(scale bar = 1 um; z scale = 10 nm) and phase sn@gale bar = 1 um; z=10°; surrounded
by hatched line); water contact angle valug3;(PS fraction in surface computed from XPS
analyses (P& (see chapter 2 for computing details); darkeisptaurface fraction extracted
from AFM phase images; root mean square roughiigs9 &nd height or depth inclusions
extracted from AFM height images.

PSPMMA-r-PMAA blends  (details are presented in chapter 1, p99)

Surfaces were also prepared with blends of PS didARr-PMAA
dissolved in dioxane solely, with a total polym@ncentration of 10 g/L.
The PS/IPMMA-r-PMAA polymer ratios investigated ihig case were:
20/80 (w/w), 30/70 (w/w), 80/20 (w/w) and 90/10 wy/(hereafter noted as
20/80rd, 30/70rd, 80/20rd and 90/10rd). These ldend well as pure
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polymer solutions were spin-coated onto PMMA platdEM images of
these blends, recorded in contact mode, are pesb@mt~igure 12. Pure PS
and pure PMMA-r-PMAA films appear to be rather flaith a higher
roughness than those observed on pure PS and PMdAcsated on
silanized glass (Figure 11). This is mainly du¢hi use of PMMA plates as
substrates which was seen to generate films witterdefaults (see 2.1.1).
In the case of pure PMMA-r-PMAA, however, this isa@a due to the
copolymer itself, which had a roughness of 0.87amfilms spin-coated on
native glass (image not shown). Regarding the biimd, inclusions, either
under the form of pits or islands, were observedalbriilms with a more
regular shape and with a higher depth or height4@20m) than those
observed on PS/PMMA films (less than 10 nm). Reigardhe chemical
composition of these films, PS fractions detectedurface were seen to be
correlated with the PS fraction in blend solutioti®&e more the solution
contains PS, the higher the PS fraction in surfaceMoreover, surface
fractions covered by elevated phases (islands enctise of 20/80rd and
30/70rd, and matrix in the case of 80/20rd and @@)Lhave been estimated
and follow the same trend. Thereby, we were ablasgign the elevated
phase to PS. This was further confirmed by seledfigsolution of PS (see
chapter 2). Classification of our films in two agdeies can also be done:
films presenting PS islands in a PMMA-r-PMAA matr(20/80rd and
30/70rd), and films presenting PMMA-r-PMAA pits anPS matrix (80/20rd
and 90/10rd).
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Pure PS

Pure PMMA-r-PMAA

100/0in dioxane

0/100 in dioxane

o, 85.0° o, 65.5°
% PSyps 100% % PSyps 0%
Ryms 1.41nm Ryms 2.14nm

PS inclusions in a PMMA-r-PMAA matrix

20/80rd 30/70rd

e, 73.5°
% PSyps 18%
% elevated domains,g,, 28%
Height of islands 37 nm

e, 71.5°
% PSyps 12%
% elevated domains,g,, 26%
Height of islands 32 nm

PMMA-r-PMAA inclusions in a PS matrix

80/20rd 90/10rd
. ‘ -

o, 84.5°
% PSyps 89%
% elevated domains,g,, 85%
Depth of pits 19nm

e, 80.0°
% PSyps 39%
% elevated domains,g,, 50%
Depth of pits 38 nm

Figure 12: Characteristics of films prepared from PS/PMMA-r-RMsolutions in dioxane.

AFM height images (scale bar = 1 um; z scale =) ;nwater contact angle valudg,); PS

fraction in surface computed from XPS analyses¢B Ssurface fraction of elevated domains

extracted from AFM height images; root mean squaughness (R, and height or depth of
inclusions extracted from AFM height images.

PS-b-PEO/PMMA blends

Finally, with the help of Marie Delcroix during heraster thesis, we
also prepared blends of PS-b-PEO and PMMA dissdlveither dioxane or
toluene, still with a total polymer concentratioh D0 g/L. The PS-b-
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PEO/PMMA polymer ratios investigated in this caserev 80/20 (w/w),

60/40 (w/w) and 40/60 (w/w) in dioxane, and 70/@0w), 60/40 (w/w) and

40/60 (w/w) in toluene (hereafter noted as 80b/26ah/40d, 40b/60d,
70b/30t, 60b/40t and 40b/60t). Spin-coating of ¢hbkends as well as of
pure PMMA and PS-b-PEO solutions were performed ordtive glass.

AFM images of these blends recorded in tapping mbeéght and phase
images are presented in Figure 13). Pure PS-b-RIE® {prepared from

dioxane and toluene solutions) show typical microdms showing a
network, attributed to lying down cylindéfs 8. These observed
cocontinuous morphologies suggest a heterogenamastition of the two

blocks at the outermost surface. This was confirlmgeXPS measurements
which showed that both blocks of the copolymer waesent in the surface
layer® Regarding heterogeneous films, it appeared traidsl in dioxane

present a phase separation unlike those obtaired Blends in toluene.
With both solvents, PS-b-PEO and PMMA would be @nésn surface (as
deduced from XPS data, not shown).

Regarding films prepared from solutions in dioxaaetopographic
contrast was correlated with the phase contrast. 80b/20d and 60b/40d
films present elevated inclusions surrounded bya&ririshowing a network,
while the 40b/60d film presents inclusions made aokimilar network
surrounded by an elevated matrix. This would suggfest the elevated
domains would be PMMA while the domains showingibevork would be
PS-b-PEO. However, if we compare the fraction & tighter domains
(extracted from phase AFM images), presumed toNMBIR domains, with
the PS-b-PEO fractions in surface (computed fron® XfReasurements), it
seems that PS-b-PEO fraction in surface is thresedi higher when
computed from AFM than when computed with XPS. lremnore, water
contact angle measurements do not vary much froenbdend to another,
and remain always close to that of pure PMMA, iatieg that all surfaces
would be covered by PMMA.
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PS-b-PEO PS-b-PEO PMMA
in dioxane in toluene in dioxane

o, 84.4° o, 85.3° o, 70.0°
% PS-PEO; 100% % PS-PEO; 100% % PS-PEO; 0%
Rims 1.13nm Rims 1.02nm Rims 0.87nm

PS-b-PEO/PMMA blends in dioxane
80/20 60/40 40/60

e, 70.5° e, 70.5° e, 71.0°
% PS-PEO; 25% % PS-PEO; 14% % PS; 12%
% lighter phase,y, 39% % lighter phase,,, 58% % lighter phase,p,, 66%
Depth of pits 7nm Height of islands 15nm Depth of pits 12nm

PS-b-PEO/PMMA blends in toluene
60/40

o, 83.0° o, 82.0° o, 80.0°
% PS-PEO; 84% % PS-PEO; 76% % PS-PEO; 57%
Rims 1.45nm R/ms1.33nm Rims 0.65nm

Figure 13: Characteristics of films prepared from PS-b-PEO/PMablutions. AFM height
images (scale bar = 500 nm ; z scale = 10 nm) & phase images (scale bar = 500nm ; z
scale =~5°; surrounded by hatched line); wateramirangle valued(); PS fraction in
surface computed from XPS analysesyR5 lighter phase surface fraction extracted from
phase AFM images; root mean square roughnegg @hd height or depth inclusions
extracted from height AFM images.
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These inconsistent results can be combined togéWheaking into
account the layer probed by each technique: coraagle measurements
probe the extreme surface (last molecular layécktiess < 1 nm if water
cannot penetrate into the subsurface), AFM probes surface and
subsurface (the distance probed depend on thentapprameters and can be
up to 80 nm with elastor&, while XPS probes a thickness of about 10 nm.
Therefore, the morphologies observed on AFM imagé#sputed to PS-b-
PEO, would actually be covered by a PMMA thin layas illustrated in
Figure 14.

distance PS-PEO PMMA
probed

f¢§1$‘
< X

>

Figure 14: Schematic representation of a cross-section thraug8-b-PEO/PMMA thin film
prepared from a dioxane solution, along with typéiatance probed by each surface analysis
technique.

Regarding films prepared from toluene solutionsspecific contrast
indicating a possible phase separation was obsdnaither on height nor
on phase (not shown) images). Contact angle valm® intermediate
between those of the pure components of the bleards$,closer to that of
pure PS-b-PEO meaning that the surface would beredvmainly by that
component. PS-b-PEO fractions in surface (compbieXPS) show the
same trend, suggesting that both components woallgrésent in surface.
Now, it is difficult to say if, at the extreme sack, PS-b-PEO covers
partially PMMA or if both components are partialiyended (as PMMA
could be miscible with PEO (negative Flory-huggperametery;,, were
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found for PEO/PMMA blends¥: 8 which was normally limited by the
choice of a high molecular mass).

However, one must be aware that XPS works undexhidth vacuum
condition and AFM analyses are performed in airdition, while protein
adsorption or cell culture will be executed undextav. Since amphiphilic
copolymers materials have the capacity to undergacromolecular
reorientation or changes of conformation in respots environmental
modifications, results obtained with these techesgjunust be carefully
related to hydrated structures. For example, it shasvn that for a diblock
copolymer of polystyrene-poly(acrylic acid) (PS-PA#ith a large PAA
block, PS was preferentially exposed to the airamuum environment while
PAA was preferentially exposed to a pH 11 aqueoligien®® In the case of
PS-b-PEO copolymers, the control of the humiditpdibon during spin
coating was shown to influence the obtained moigiek (well-defined
cylindrical microdomains oriented normal to theface were induced under
high humidity condition}’ The water-induced surface reorganization of PS-
PEO, was also studied by cryogenic X-ray photosdecspectroscopy (cryo-
XPS), and a more pronounced exposure of the PEEk lalibthe outermost
surface in hydrated compared to dry environmentneasaled?

2.1.4. Comparison of the three investigated blends
Composition in solution vs at interface

For most of studied blends, the fraction of PS $#PPEO formed in
surface was seen to be correlated positively with fraction of that
component in solution. However, the fraction inface does not necessary
corresponds to the fraction in solution and is domes lower or higher.
Figure 15 presents the comparison of observedidractin surface with
corresponding fractions in solution. Note that tlemsities of PS and PS-b-
PEO are close to 1 (1.05 for P§).

Except for PS/PMMA blends in dioxane, all the llgmeviate from
the line of equal composition in surface and sotutidashed line). Blends in
toluene (squares) tend to deviate above this lmeaging a surface
enrichment of PS or PS-b-PEO) while those in diexédiamonds) tend to
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deviate below it (meaning a surface enrichment VA or PMMA-r-
PMAA). If surface composition was driven by surfageergy, which is
lower for PS than for PMMA, a surface enrichmentP& (or PS-b-PEO)
would be expected.

The spin-coating process does however not genaraquilibrium
state, and the surface may be enriched by the coamp@f highest solubility
in the solvent. Toluene is, in fact, a better soter PS while dioxane is a
better solvent for PMMA. PS/PMMA blends in dioxash@ not deviate from
the equal composition line, probably because ofiggh molecular mass of
PMMA which reduces its solubility in dioxane. Fuetinore, this decrease in
solubility implies a higher difference of solubjlibetween PS and PMMA in
toluene and a lower one in dioxane, explaining g elevated phase in
PS/PMMA blends in toluene are higher than thosegmed in dioxane (see
chapter 2, supporting information for more detailshlike PS/PMMA
blends in dioxane, PS/IPMMA-r-PMAA blends prepanedhe same solvent
deviate clearly from the equal composition lineisTts probably because
PMMA-r-PMAA has a higher solubility in dioxane th&MMA, which is
also confirmed by the higher elevated phase ofethsnds (about 40 nm for
PS/PMMA-r-PMAA films compared to 2 nm for PS/PMMAnis).

In the case of PS-b-PEO/PMMA blends, films prepafedn a
solution in toluene deviate less than PS/PMMA bteprepared in the same
solvent, probably because PEO blocks decreaseothbilgy of PS-b-PEO
in toluene. The evolution of blends elaborated gislimxane are difficult to
interpret since PS-b-PEO fractions in surface cdagdrom XPS data do
not seem to reflect the situation of the extrenrase, which was found to
be covered by a thin PMMA layer (as deduced frommtact angle
measurements). Note that surface enrichment wittMRMs particularly
strong for PS-b-PEO/PMMA films prepared from diogasolutions, for
which a solution containing only 20 % of PMMA leamsa PMMA content
of about 75 % in the surface layer probed by XPS.
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Figure 15: Evolution of the PS or PS-b-PEO fraction in surfea@mputed from XPS data)
in function of the PS or PS-b-PEO fraction in siotfor all types of blend studied (squares:
toluene, circles: dioxane, blue: PS/PMMA blendsegr. PS-b-PEO/PMMA blends and red:

PS/IPMMA-r-PMAA).

Influence of the film composition on wetting measurements

Additionally, the influence of film composition surface wettability
was investigated. The water contact angles of la#l heterogeneous
substrates were observed to be intermediate betileeamgles measured on
the pure components of the blend. For heterogenaatiaces, the Cassie’s
law predicts that the cosine of the water contagieis the average of the
cosine of the contact angles of the pure phaseghtesl by their respective
surface fractiof? For the three types of investigated blends (PS/RM
PS/PMMA-r-PMAA and PS-b-PEO/PMMA), the evolution thie cosine of
the water contact angle with the PS or PS-b-PEGtifna in surface is
presented in Figure 16 (A, B and C, respectively).
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Figure 16: Evolution of the water contact angkg,) of thin films in function of the PS or PS-
b-PEO fraction in surface evaluated by XPS. (A)FIA films, (B) PS/IPMMA-r-PMAA
films and (C) PS-b-PEO/PMMA films. Thg\(,jvashed lisesw the trend predicted by Cassie’s
These evolutions appear to be quite close to the&si€a law for
PS/PMMA (Figure 16A) and PS-b-PEO/PMMA (Figure 16i)nds, while
it is clearly not linear for PS/IPMMA-r-PMAA (Figur&6B). Contact angle
values for that blend appear to be higher, i.e. fweface is more
hydrophobic, than expected. Such a deviation canhserved for systems
presenting large heterogeneities (> 100 nm). Ihdhse, the evolution of the

static contact angle would be mainly governed kg more hydrophobic
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phase® However, PS/PMMA and PS/PMMA-r-PMAA blends botregent
heterogeneities larger than 100 nm, while suchadiewi is only observed for
PS/PMMA-r-PMAA. The surface roughness can alsorfate with contact
angle values according to Wenzel's law or Cassigdds law, but none of
them can explain the increased hydrophobicity aleskheré® ** However,
an explanation could still be given by combining tEassie’'s law and
Wenzel's law. PS/IPMMA-r-PMAA films present, in fadarger inclusions
than PS/PMMA films, but more importantly, they degp higher elevated
phases (about 40 nus less than 10 nm). Higher elevated phases (being PS
in PS/PMMA-r-PMAA films) would imply a higher reaturface of the
elevated phases than the surface calculated froprdjection. However, PS
fractions determined by XPS correspond to the sarfprojection of the
elevated phase and would then induce an underestimaf the real PS
fraction of the film.

Accordingly, the water contact angle can give ¢atlons but precise
information on the surface nature are difficult éatract, as most of
theoretical laws apply to regular and default-feegfaces, which is rarely
the case.

In summary, three polymer blends were investigaef/PMMA,
PS/IPMMA-r-PMAA, PS-b-PEO/PMMA, with a view to creat
heterogeneous surfaces in terms of chemical cotosBuch a chemical
contrast at the extreme surface was only succésshbitained with
PS/PMMA and PS/PMMA-r-PMAA blends. In the case of5-B
PEO/PMMA, none of the techniques used to charaedhiese films, in the
chosen conditions, allow us to identify a suffi¢ciechemical contrast.
However, these blend films remain interesting feeger investigations,
since promising results were still obtained fom8l prepared from dioxane
solution.

2.2. Protein adsorption

Heterogeneous surfaces in terms of wettability vileus successfully
elaborated. The focus is now put on protein adamrgtmainly collagen and
briefly fibronectin, another adhesion protein), lwia view to obtain a
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heterogeneous distribution of proteins. Therefomlagen and fibronectin
adsorption onto pure polymers used for the hetereges films preparation
was first investigated in order to isolate condifioleading to different
behaviors depending on the polymer. Collagen abibfiiectin adsorption
was then performed on heterogeneous surfaces inamditions identified
on the pure polymers.

2.2.1. Protein adsorption on pure polymer films

Collagen adsorption was investigated on the pulgpers to identify
adsorption conditions leading either to differembtpin supramolecular
organizations depending on the polymer or to aepegtial adsorption
(whatever the organization) on one polymer rathemtthe other. This
section will end with a brief comparison of collageyers organization on
the pure polymer films with the organization of déay of another adhesion
protein, fibronectin.

Sudy of conditions leading to a contrast of collagen organization

Since PSH,: 90°), PMMA @,: 72°) and PMMA-r-PMAA 0,,: 66°)
show different wettabilities, different adsorbedlagen layer organizations
could be expected. Parameters for the adsorptiocedure were partially
fixed on the basis on previous experiments perfdrmen a
hydrophobic/hydrophilic model which was deeply istigated: PS &
~90°y? and oxidized PSA(: ~20°y° The use of type | collagen in solution
at physiological pH and ionic strength and at aperature of 37°C was
chosen, since self-assembly was seen to hajppétro in these conditions.
An adsorption time of 2 h was selected, as it iesved that after that time,
collagen adsorption reaches a plateau on both phdim and hydrophobic
substrated’ Even if it was shown that collagen organization stll evolved
between 2 h and 24 h of adsorption, a short time pr@ferred to limit
adsorption of aggregates from the solution.

Regarding collagen concentration, since PS and PMidAot differ
(in terms of wettability) as much as PS and oxidiBsS, instead of directly
selecting the concentration on the basis of theseiqus experiments, the
effect of collagen concentration on its adsorptmnPS and PMMA was
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investigated. Three different concentrations (8, 230 pg/mL) were then
tested with a view to find the concentration legdia the best contrast of
organization. Figure 17 presents nitrogen leveteaed by XPS on PS and
PMMA after collagen adsorption at these 3 concéoira. The value

obtained for PMMA-r-PMAA at a collagen concentratiof 25 pug/mL is

reported as well. The nitrogen level increased witbreasing collagen
concentration, and for all concentrations a clehaigjher nitrogen level was
observed for PS compared to PMMA. This could bebaited to the more

hydrophobic character of PS. However, collagen iqdem performed on

PMMA-r-PMAA led to similar nitrogen level comparad PS, while this

polymer has a lower water contact angle than PMNIAis suggests that
another parameter than wettability would mainlytdbate to adsorption in

this case.
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Figure 17: Nitrogen surface concentrations determined by %f& 2 h of collagen
adsorption, on PMMA, PMMA-r-PMAA and PS films spoeated on PMMA plates from
dioxane solutions. Adsorption was performed frotagen solutions at different
concentrations as indicated. Water contact andlees&,,) obtained on bare substrates are
reported under the graph.

Figure 18 presents the supramolecular organizaifoiine obtained
collagen layers as investigated on AFM height insagequired in tapping
mode. The polymer nature as well as the collagewweamtration used were
seen to generate distinct collagen organizatiomsP® and PMMA, smooth
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layers were observed at a concentration of 8 pgiihen the concentration
increased up to 25 pg/mL, small fibrils appearedPdMMA while bigger
ones were generated on PS. Finally, when the ctratiem reached 100
pag/mL, bigger fibrils appeared on PMMA, but in feveanounts than on PS.
Collagen layers on PMMA-r-PMAA appeared to be wéifferent. Whatever
the concentration studied, no fibrils were observAd increase of the
roughness with concentration was still detectedclwvbould be attributed to
an increase of adsorbed collagen amount. This bahawould not be
attributed to electrostatic interactions due to tterboxyl-carboxylate
functions conferred by the PMAA segments, as dgviorces for collagen
adsorption was shown to be poorly influenced bytedstatic interactions
(as mentioned before in section 1.3.2). The higlmrghness of bare
PMMA-r-PMAA films compared to the other polymerrfis (see 2.1.3.) is
probably the reason for the development of the mvlegeorganization as it
was demonstrated that substrate roughness pretibntsformation by
decreasing protein motility at the interfade.

PMMA-r-PMAA PMMA PS

8 ug/mL

Z=30nm
Rims: 2.9nm

25 pg/mL

Z=30nm
Rims: 6.1nm

Figure 18: AFM height AFM images (2 x 1 pm?, z scale indicatedeach image) obtained
after collagen adsorption on PMMA, PS and PMMA-r#AMfilms spin-coated on PMMA
plates from dioxane solutions. For each polymeedltollagen concentrations are
investigated: 8, 25 and 100 pg/mL. The root meammsgroughness (R) calculated from
AFM images are given for collagen layers obtainedP®MA-r-PMAA films.
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Combining XPS and AFM results, it appears thatltést contrast in
terms of collagen organization is formed betweenad PMMA for a
collagen concentration of 25 pg/mL or between P& BNMA-r-PMAA
whatever the concentration used.

The PS and PMMA films used for collagen adsorption these
experiments were prepared onto PMMA plates, whigilagned the defects
observed on the films. Figure 19 shows collagererks obtained after
adsorption for 2 h at a concentration of 25 pg/mLRS and PMMA films
spin-coated on MOPTMS-treated glass. The contragernms of collagen
organization is similar to the one observed wherviA\plates were used as
substrate for spin-coating, with however less dsfea polymer films. The
collagen layer appears to be quite smooth on PMM#th collagen
assemblies of a few molecules, while on PS, théageh assemblies are
composed of several arms of about 300 nm in leragbociated together in
an anchoring knot.

Figure 19: AFM height images (2 x 1 um?, z =10 nm) obtaingdraddsorption of a 25
png/mL collagen solution on PMMA and PS films. Thadymer films were spin-coated from
toluene solutions on MOPTMS-treated glass.

Sudy of conditions leading to a preferential adsorption on one
polymer

We tried to induce a preferential adsorption oflagggn on PS or
PMMA, either by interchanging PS by PS-b-PEO in ploéymer blend, or
by adding Pluronic (PEO-b-PPO-b-PEQ) in the colfagelution.

First, collagen adsorption was investigated on HE=D films
prepared from dioxane or toluene solutions. Pratejpulsion was expected,
owing to the presence of PEO blocks at the interfaditrogen levels
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extracted from XPS analyses as well as AFM imagegesented on Figure
20. Nitrogen levels appeared to be higher on fiprepared from dioxane
compared to those prepared from toluene, sugge$tetter antifouling
properties for films prepared from a solution ifueme. Additionally, AFM
images showed collagen organized into fibrils dmgi produced from
dioxane while a smooth collagen layer seemed topbetely cover the films
produced from toluene. Even if surface analysesS(R and AFM) on bare
films did not allow to discriminate these films pezed from different
solvents, it appears here that their extreme sesfagould be different,
leading to different collagen organizations aftels@ption. We cannot
completely rule out a problem related to reprodiityb of sample
preparation, as those films were not prepared atsdéime moment. In
summary, contrarily to films produced from dioxatlee use of PS-b-PEO
films produced from toluene appears to drasticalgduce collagen
adsorption without preventing it completely.

PS-b-PEO in toluene PS-b-PEO in dioxane

Nyps: 0.76 % Nyps: 3.16 %

Figure 20 : AFM height images (2 x 1 umz2, z =10 nm) obtainddraddsorption of a 25
pg/mL collagen solution on PS-b-PEO films. The&lwere obtained by spin-coating from
10g/L dioxane or toluene solutions on MOPTMS-trdajkass. The nitrogen molar fraction

detected by XPS is reported under the images.

Second, Pluronic was added to the collagen soluti@fore
adsorption, in order to induce a competitive adsonpbetween these two
components on PS and PMMA films. Pluronic adsorpti@as found to be
dependent on the substrate wettability, the redndin protein adsorption
being more pronounced on substrates with a higjdmlphobicity. Our aim
was to find conditions leading to complete protespulsion on PS but still
allowing adsorption on PMMA.
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A large range of Pluronic concentrations (1, 10 40d pg/mL) was
investigated for three collagen concentrations 28, and 100 pg/mL).
Resulting layers were analyzed by XPS. Figure Zkgmts nitrogen levels
obtained for each combination tested. None of themesents a clear
difference of collagen adsorbed amount betweenrlSPMMA. The more
pronounced differences are actually observed inerat#s of Pluronic.
Differences were still observed for collagen cornicgions of 100 pg/mL,
leading to more collagen on PMMA for Pluronic comization of 1 pg/mL
and more collagen on PS for Pluronic concentratairs0 and 100 pg/mL.
Preferential adsorption on PMMA was thus not alwalgserved. However,
these observed differences are probably not soggmfi and these
experiments were only performed one time. The wdity difference
existing between PS and PMMA is probably not higbwgh to induce an
interesting contrast of adsorption between thesepwlymers in presence of
Pluronic.

16 16
coll 8 pug/mL PMMA

m coll 25 pg/mL

PS

12 12

M coll 100 pg/mL

I J |
o I J n B
0 1 10 1 10

100 0 100
Pluronic concentration (pug/mL) Pluronic concentration (pg/mL)

Nitrogen surface concentration (%)
I o

Nitrogen surface concentration (%)
o

Figure 21 : Nitrogen surface concentrations determined by X8 eompetitive adsorption

of Pluronic and collagen on PS and PMMA. The polyfitens were spin-coated on PMMA

plates from dioxane solutions. Several concentnatigere tested as indicated (Pluronic: 0, 1,
10 and 100 pg/mL; collagen (coll): 8, 25 and 100mlg.

65



Overview

Protein organization on polymer films: collagen vs fibronectin

The behavior of another adhesion protein, fibranean the pure
polymer films as well as on glass, was also bridfiyestigated and
compared with the one of collagen. Fibronectin isdimeric protein
composed of two nearly identical ~250 kDA suburitssalently linked by a
pair of disulfide bridges near their C-termihiAdditionally, unlike collagen,
fibronectin cannot self-assemblevitro as its polymerization was shown to
be a cell-dependent procéss.

Figure 22 reports nitrogen levels extracted fromSXBata after
collagen and fibronectin adsorption (25 pg/mL dohd for 2 h) on pure
polymer films and on glass. PS-b-PEO (prepared feotoluene solution)
similarly reduces collagen and fibronectin adsomptiFor the four other
surfaces, in the case of collagen, the nitrogeel lagpeared to increase with
the hydrophobicity (except for PMMA-r-PMAA films adiscussed above),
while, in the case of fibronectin, nitrogen levelere similar for all the
surfaces. These results contradict the trend obdepreviously in the
literature, showing that the amount of adsorbedofibctin was higher on
hydrophobic compared to hydrophilic surfaé€s®
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Figure 22 :Nitrogen surface concentrations determined by X8 2 h of collagen or
fibronectin adsorption, on glass, PMMA, PMMA-r-PMARS and PS-b-PEO films spin-
coated from dioxane solutions on native or MOPTMvied glass.
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As XPS is a surface analysis technique probingpghdef about 10 nm, the
nitrogen level extracted XPS data is strongly depen on the protein
organization and may not always be directly linkedhe exact amount of
the protein present on a surface. If the protepedas thicker than 10 nm or

presents aggregates larger than 10 nm, the amdumrotein can be
underestimated.

The protein organization was also investigated IBMAIN tapping
mode on the same substrates after collagen anshébtin adsorption (see
Figure 23).

Collagen Fibronectin

Glass

PMMA-r-PMAA

PMMA

PS

Figure 23: AFM height images (5 x 2.5 um?, z scale indicateecach image) obtained after
2 h of collagen or fibronectin adsorption on glasMA, PMMA-r-PMAA and PS films
spin-coated on native or MOPTMS-treated glass.robémean square roughness. (4R

calculated from AFM images are given for collaged &bronectin layers obtained on
PMMA-r-PMAA films.

67



Overview

While collagen and fibronectin developed similangb layers on PMMA-r-
PMAA films, both proteins developed extremely diffet organization on
the other substrates. As already discussed hereeabollagen organized
into fibrils with a number and size increasing umdtion of the wettability.
A few thin fibrils were observed on glass, the dgnsf fibril increased
significantly on PMMA and a lot of big fibrils werdeveloped on PS.
Regarding fibronectin layers organization, the tagppeared to be quite
smooth on glass, with some aggregates on PMMA atidmore aggregates
on PS. The presence of aggregates could partiaiiyai@ why nitrogen
levels acquired by XPS were similar for all sultstsawvhile real amounts are
probably not. The AFM images indeed suggest a highwunt on PS.

To conclude this section focused on protein adgorpton
homogeneous polymer films, we can say that conditleading to a contrast
of collagen distribution between PS and PMMA (or N2Rdr-PMAA) could
be identified. A contrast of collagen organizatieas indeed obtained for 2
h of adsorption with a collagen solution of 25 pig/on these films. A
contrast was also highlighted between PS and PMNPMAA films after
fibronectin adsorption. However, fibronectin layesbtained on PS and
PMMA did not show as much contrast as collagenriapa these polymers.
Additionally, conditions leading to a preferentadsorption of collagen on
PMMA could be identified by the use of PS-b-PEONSI prepared from
toluene solutions which reduce drastically collagatsorption. However,
such a contrast could not be found by the use wfoRic which did not
generate enough contrast.

2.2.2. Protein adsorption on heterogeneous films

Taking into account the investigations performedh@mmogeneous
films, it was decided to study collagen adsorption heterogeneous
PS/PMMA films. Fibronectin adsorption on PS/IPMMARMAA films was
also briefly examined. However, even if PS-b-PE@ &MMA prepared
from toluene solutions have shown an interestingitrest, collagen
adsorption was not investigated on PS-b-PEO/PMMAdfisince no specific
contrast indicating a possible phase separatiofddwel highlighted for the
elaboration of these films.
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Collagen adsorption on PSYPMMA films (details are presented
in chapter 2, p119)

PS/PMMA films were elaborated as discussed in@e@il.3. In that
section, we identified four interesting heterogersediims: films with
PMMA inclusions in a PS matrix (30/70t and 90/1CaHd conversely, films
with PS inclusions in a PMMA matrix (5/95t and 30dJ, the inclusions
being either under the form of pits, islands or cmtrelated with a specific
topography. Additionally, we could classify them function of their PS
fraction in surface evaluated by XPS {Pss in ascending order, 05/95t <
30/70d < 30/70t < 90/10d.

These four phase-separated films were charactetiged\FM in
tapping mode after collagen adsorption (see Figdje We observe that the
higher the Pgs on the bare film, the more large fibrils developed the
film, which is in good agreement with what was akied on pure polymer
films. Large fibrils were indeed observed on PS bot on PMMA.
Furthermore, adsorbed collagen organization seemslepend on the
polymer forming the matrix (PS or PMMA). On thenig presenting a PS
matrix, assemblies with morphologies closer to ¢hobserved on pure PS
and pure PMMA were found in the PS matrix and tihVA inclusions,
respectively (e.g. on the 30/70t film, big fibriégpppear to avoid PMMA
inclusions). On the other side, longer assembitias those observed on pure
PS, were obtained on films presenting a PMMA mattigeems, in fact, that
the size of inclusions greatly influences the depet fibril size. On the
30/70d and 5/95t films, the PS inclusions appedretdoo small (< 600nm)
to allow collagen organization in arms of 300 nmoaserved on pure PS.
On 90/10d and 30/70t films, the PS matrix presemhains larger enough
(PS domains > 600 nm) to allow collagen organiratimilar to those
observed on pure PS.

The nitrogen molar fraction was measured by XPS tbese
heterogeneous collagen layers. To investigate nflaence of the Pgs
(determined on bare polymer films) on the obtaineliagen layers, BSs
was platted as a function of the detected nitromml measured after
collagen adsorption (see Figure 25).

69



Overview

Pure PMMA
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30/70d
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Figure 24: AFM height images obtained on heterogeneous PS/PNIM®K (2.5 x 2.5 pm2;
inserts,3.2 x 4 umz; z = 30 nm) and on pure PSPMMA films (2.5 x 1.25 um?), (spin-
coated on MOPTMS-treated glass) after 2 h of celtagdsorption.
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Figure 25: Evolution of the nitrogen surface concentratioredeined by XPS after collagen
adsorption as a function of the PS surface fradigermined by XPS on PS/PMMA films
before adsorption.

A linear correlation was found between these twmpeters, suggesting
that the higher the RS, the higher the adsorbed collagen amount. This
shows that the amount of collagen adsorbed on dggtaeous PS/PMMA
surfaces can be described as a combination ofatsgrved on the pure
polymers, weighed by their surface fraction.

Fibronectin adsorption on PSPMMA-r-PMAA films (see appendix 1
for details, p173)

Fibronectin adsorption was briefly investigated 66/10rd and
30/70rd PS/PMMA-r-PMAA films spin-coated on PMMA gbés. AFM
images of these films before and after adsorptiershown in Figure 26.
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90/10rd 30/70rd

90/10rd + fibronectin

Figure 26: AFM height images (5 x 2.5 |4z scale is indicated on each image) obtained on
PS/PMMA-r-PMAA films (90/10rd and 30/70rd) (spinated on PMMA plates), before and
after fibronectin adsorption (30 pg/mL for 2 h)odm images are 2 x 2um?)

Whereas the matrix and inclusions (pits or islana® originally
extremely smooth, the surface becomes much rougfter fibronectin
adsorption. Two observations can be made: (i) fibobn seems to
accumulate at the edges of inclusions, inducing@ease in the pits width
or an increase in the islands width, and (ii) adcbthre inclusions, in the PS
matrix for 90/10rd films and inside the PS inclusiofor 30/70rd films,
fibronectin forms a much smooth layer. Accordingily,seems that, as
observed on the corresponding homogeneous surfaeesrevious section
2.2.1), fibronectin formed a much smoother layer B8 compared to
PMMA-r-PMAA domains. Protein accumulation on indtus edges was
previously observed with albumin on PS/PMMA filmBhe explanation
given for that observation was that the differemceurface energy between
PS and PMMA being significant, adsorption at irdeds would allow the
binding of more hydrophobic regions of albumin he S domains as well
as the binding of its more hydrophilic regionstie PMMA domain$?
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2.3. Cell culture (details are presented in chapter 3, p147)

Finally, the focus was put on cell culture experitse which were
performed on the PS/PMMA films with and without leglen coating. The
polymer films were first sterilized in ethanol 80 min, and coated with a
sterile collagen solution, before inoculating MC3EB cells in serum-
supplemented medium. Cell culture was first perfmnon pure PS and
PMMA polymer films prior to and after collagen adsion and finally,
heterogeneous films were investigated.

2.3.1. Cdll culture on pure polymer films

MC3T3-E1 cells were cultured on pure PS and PMMAymer films as
well as on glass (used as a positive control). wephology of cells
developed on these substrates was examined by iofmarescent
microscopy: nuclei were colored in blue, actin ekileton was stained in
red and vinculin was revealed in green. The resukispresented in Figure
27. In absence of collagen coating, MC3T3-E1 ceftipeared to adhere
poorly on polymer films compared to glass. Whildlscalready began to
spread on glass after 4 h, cells with poor celbsradhered on PS and
PMMA (note that scale bars are not the same faethieree pictures). When
collagen was adsorbed on the substrates prior Hoimeculation, the
observed morphologies were dramatically differebells on glass still
developed a well spread rounded morphology, butenmonounced than
without collagen coating. On PMMA, cells presentepider-shape
morphology, and were less spread than the elongateddeveloping on PS.
After 24 h of culture on collagen coated-surfacese( Figure 28), cell
morphology continued to evolve on all surfaces.I<Ceh glass became
cuboid, as expected for pre-osteoblasts. The ligitialongated cells
observed on PS became triangular-shaped, whilespider-shaped cells
observed on PMMA became elongated.
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Without With
collagen coating collagen coating

Figure 27: Actin (red), vinculin (green) and nucleus (blug)ising for MC3T3-E1 cells
cultured for 4 h on glass and pure PMMA and PSpelyfilms, with and without collagen
coating (white scale bar = 100 pum).
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Figure 28: Actin (red), vinculin (green) and nucleus (blugising for MC3T3-E1 cells
cultured for 24 h on glass and pure PMMA and P$mer films, with collagen coating
(white scale bar = 100 pm).

Additionally, the attachment strength of cells @tle surface can be
examined through the analysis of vinculin (staimedyreen on pictures)
organization in the cell. The number of vinculingeggates found on
pictures reflects the extent of focal points forimat The more cells are
attached to the substrate, the more cells presectilin aggregates. After 4
h, vinculin appeared homogeneously dispersed is,a@tcept on collagen-
coated glass surfaces where several cells alreabemted vinculin under
the form of aggregates. After 24 h of culture oflagen-coated surfaces,
cells on glass presented bigger vinculin aggregttan after 4 h. Small
aggregates were observed in several cells on P& wimculin was still
homogeneously dispersed on the cells grown on PMMA.
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These results show a drastic effect of the natbrgubstrate and of
collagen precoating on cell adhesion. This canxpaeed by the use of
serum-supplemented medium for cell culture. Serupntains a high
concentration of albumin, which will cover bare swhtes. This could
prevent the further adsorption of adhesion prot@resent in serum, and
thereby, the cell adhesion itself. Actually, itviell known that albumin is
more easily displaced by adhesion proteins on Iphdlic compared to
hydrophobic substratés?” When collagen is adsorbed on substrates prior to
cell seeding, we know that its organization vadepending on the nature of
the substrate (see section 2.2). It is not surgisihat this strongly
influences the developed cell morphology. On glasfiagen forms a few
amounts of small fibrils. This generates strongtgaehed cuboid cells. A lot
of small collagen fibrils are formed on PMMA filmghis induces adhesion
of a few poorly attached spider-shaped (to eloryatepe) cells. Finally, a
lot of large collagen fibrils are formed on PS flmModerately attached
elongated-shape (to stellate-shape) cells develguoh large assemblies.

Collagen organization will certainly influence tegposure of ligands
available for cells. In a previous study, it waswh that large fibrils as well
as collagen monomers or smaller assemblies indcekdttachment to the
substrate by means of the same integriri$ ando2p1).®® However, the
activity of other cell receptors for collagen, inding the discoidin receptor,
was only detected on fibrillar collagéh.Additionally, different protein
organizations could generate different mechanitalusi for the cell. It has
been shown that different types of collagen orgaion (fibrils vs
monomers) generated layers with different mechanmaperties: on
PMMA, the collagen layer would be more compacts lesmpressible, and
more mechanically resistant than on PS, where gmtlaappeared to form a
stable but still flexible matri¥® Both explanations, or their combination,
could potentially explain why cell behaviors strhngaries with collagen
organization.

2.3.2. Cdll culture on heterogeneous polymer films

Cell culture experiments were then performed orPRBAA films.
For each PS/IPMMA and corresponding homogeneous fietl densities
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and cell areas were determined on the basis ofeloent microscope
images, after 4 h and 6 days of culture.

Figure 29 presents cell densities obtained foptiigmer films which
were named in function of their R (0%, 15%, 21%, 64%, 78% and
100%, correspond to PMMA, 5/95t, 30/70d, 30/70t/19@ and PS
respectively). After 4 h of culture (Figure 29 biue), cell densities were
higher on polymer films with collagen coatings thianabsence of such
coating. In the case of collagen coated films, dbkk density was moreover
higher on any heterogeneous PS/PMMA films compaoegure polymer
films, while in the case of films without collagathe highest densities was
observed for films with BRgs of 15% and 21% (5/95t and 30/70d). After 6
days of culture (Figure 29 in red), the measureusidies on films with or
without collagen coatings were generally similand awere presenting
maximum for films of Pgs of 15% and 21% (5/95t and 30/70d).

The corresponding developed average cell areagpr@sented in
Figure 30. After 4 h of culture (in blue), cellsogm on PMMA presented
similar areas on films with and without collageratings, while in the case
of PS, larger areas were measured on collagenecoéitms. On
heterogeneous films, intermediate values betweeroties formed on pure
PS and PMMA were observed. Thus, in the case dhgeh-coated films,
the higher the PS fraction in surface, the higherdell spreading, while in
the case of films without collagen, cell spreadssemed to be inversely
proportional to Pgs. After 6 days (in red), cell areas were generaigher
on collagen films. In both cases (coated and natect) however, a similar
trend was observed, cell spreading being roughlgrgely proportional to
PSwks Accordingly, even if after 4 h, collagen-coate8 fims appeared to
be better in terms of cell spreading, after 6 dapfiagen-coated PMMA
films appeared to promote cell spreading the best.
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Figure 29: Evolution of the cell density after 4 h (blue) e&hdays (red) of culture, in
function of the PS fraction in surface (B§ determined by XPS on bare PS/PMMA polymer
films. Cell density was calculated from the numbeDAPI stained nucleus present on the
polymer film: circles represent evolution of cutturn films with collagen while squares
symbolize evolution on films without collagen. Déies are expressed in percentage of the
density found on glass with collagen coating aftérof culture. Error bars report confidence
intervals (95 % level of confidence).
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Figure 30: Evolution of the cell area in function of the P&dfion in surface (R&s)
determined by XPS on bare PS/PMMA polymer filmse Tkl area was calculated from
images obtained by merging the signal from thee&sdPAPI, Phalloidin and vinculin).

Evolution are presented for culture of 4 h (in Blaeof 6 days (in red). Culture were

performed on films with (circles) or without (sqe@collagen. Error bars report confidence
intervals.
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To summarize, cell areas and densities observed afth differed
significantly from those observed after 6 dayswdts surprising to observe
that, after 4 h, films coated with collagen seerbedto better than those
without, while after 6 days, the opposite was obsgr Furthermore, it
appeared that cell areas were always higher onagmilcoated
homogeneous films (on PS after 4 h and on PMMAr &tdays), while the
highest cell density was always obtained on hetregus films (any
PS/PMMA films with collagen after 4 h and films wiPSps of 15% and
21% without collagen after 6 days).

As discussed in point 2.3.1, the difference obskhetween PS and
PMMA could be explained by the different supramalac organization and
mechanical properties of collagen layers of thdsesf Cell areas observed
on PS after 4 h are maybe higher than on PMMA, that morphology
observed was however far from that observed ors glasitive control. The
cells on PS were more stellate than on glass, whidictates a higher
motility. This may be a sign of good adhesion Hubw proliferation’* *°*
The fibrillated and flexible collagen layer devedopon PS would induce
high adhesion of stellate-shaped cells, which ctvalde a low proliferation
rate. This would finally lead to a low cell denségd to poorly spread cells,

as observed after 6 days.

It was also interesting to note that MC3T3-Elcékhavior on our
films was not only a question of Rg since the density was found to be
higher on heterogeneous films compared to the spording pure
polymers, suggesting that heterogeneity would biengortant parameter for
the control of cell density. Heterogeneity arisesnf the chemical
composition and topography of the film as well esf the collagen layer
organization. The trend observed on films withowllagen coatings
(maximum at Pgs 15 % and 21 %) must be directed by heterogenéity o
polymer film itself. However, in the case of filmsth collagen coatings, the
trend is not similar after 4 h and after 6 dayswfure. The trend observed
after 4 h would be directed by the organizationtloé collagen layer.
Accordingly, after 4 h, a heterogeneous collageyera (whatever the
amount of small or large fibrils) could induce acrease of cell density. On
the other hand, the trend observed after 6 daysgbsmilar to those
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observed on films without collagen coating, woulthgest that collagen
layers would not be stable after 6 days in cultoredium and would
reorganize in a layer close to that observed onsfivithout collagen. Cells
are continuously synthesizing and excreting preteand other ECM
constituents which can clearly modify the proteaydr present on the
surface at the very beginning of the cell culture.
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3. Conclusions

3.1. Main achievements

3.1.1. Elaboration of heterogeneousfilms

The preparation of heterogeneous surfaces in termshemical
composition was achieved by polymer demixing of isuible polymers,
using spin-coating. Even if three polymer blendsrenvanvestigated
(PS/IPMMA, PS/PMMA-r-PMAA, PS-b-PEO/PMMA), such a erhical
contrast at the extreme surface was only succésshbitained with
PS/IPMMA and PS/PMMA-r-PMAA blends. In the case ofS->
PEO/PMMA, none of the conditions used led to aiscufitly interesting
contrast.

Regarding PS/PMMA blends,four interesting heterogeneous films
were identified: films with PMMA inclusions in a P®atrix (30/70t and
90/10d), and conversely, films with PS inclusiongiPMMA matrix (5/95t
and 30/70d), the inclusions being either underféhm of pits, islands or not
correlated with a specific topography.

Regarding PS/IPMMA-r-PMAA/PS blends a series of
heterogeneous films were produced, and can befwasi® two categories:
films presenting PS islands in a PMMA-r-PMAA matr(20/80rd and
30/70rd), and films presenting PMMA-r-PMAA pits anPS matrix (80/20rd
and 90/10rd).

In both cases, heterogeneities generated by spitihgowere not
only chemical but also topographical. However, R8YA films appeared
to be more suitable since PS/PMMA-r-PMAA films pes inclusions
which are higher or deeper. Moreover, the corredpan homogeneous
substrates are rougher. This brings additional rpatars into the system
which are unwanted for the future protein adsompéad cell studies.

3.1.2. Protein adsorption

Collagen adsorption was first examined on the poiymer films
and conditions leading to a different collagenriisition depending on the
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polymer could be found. Even if two types of potait interesting
behaviors were investigated (preferential adsomptan one phase vs
different supramolecular organization dependingtiom phase), we were
only able to identify conditions leading to an me&ting contrast between
two polymers in term of collagen supramolecularapigation. A contrast of
collagen organization was indeed obtained betwenaRd PMMA (or
PMMA-r-PMAA) for 2 h of adsorption with a collagesolution at 25
ng/mL. Large collagen assemblies were found on PBewa layer of
collagen monomers or very small assemblies covtiregurface of PMMA.
A contrast was also observed between PS and PMMIAA films after
the adsorption of fibronectin, another adhesiontgino In that case
fibronectin formed much more globular aggregates RMMA-r-PMAA
compared to PS.

Adsorption was then investigated on heterogeneduoss fin the
promising conditions identified on the pure polymer

A range of different collagen organizations was obtainedon
PS/PMMA films. Inclusions sizewas revealed asn important parameter
in the control of the supramolecular organizationtbese blend films. It
appeared that, if the PS domains, either surrogndmsurrounded by the
PMMA phase, were above 600 nm wide, a heterogendwisbution of
collagen was found, in agreement with observatroade on pure polymers.
Otherwise, the formed fibrils in the PS domains evemger and thinner
compared to the ones observed on pure PS. Thegaitranolar fraction
determined by XPS suggested however that the anudwtilagen detected
on all PS/PMMA films is a combination of the ondstained on the pure
polymers.

On the other handheterogeneous fibronectin organizationsvere
obtained on PS/PMMA-r-PMAA films: the morphology of adsorbed
fibronectin layers obtained on heterogeneous filas a combinationof th
e ones observedn the pure polymers,(i.e. rougher layer on PMMA-r-
PMAA compared to PS), along with an effect of acalaton at the
interface between the two polymers (edges of inochss.
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3.1.3. Cdll culture

The impact ofbare and collagen-coated PS/PMMA filmson cell
behavior, after short culture times (4h and 6 dawss finally studied. We
were able tddentify positive effects of heterogeneitiegin terms of film
surface chemical composition and of collagen ogion) on cell
morphology, developed cell area and cell density.

Collagen adsorption prior to cell inoculation was shown #dfect
cell behavior mainly after 4 h This is attributed tdhe organization of
collagen,which wouldinduce a combination o2 effects

(i) collagen organizatiodirect the exposure ligandsavailable for
the cells. Different amount and type of ligand nead to different
cell behavior

(ii) collagen organizatiogenerates specific mechanical
environmentsfor the cells which again may lead to differerit ce
behavior.

A longer time in culture (6 days) would induce arganization of the
protein layer, which would lead to protein layergirgg similar cues to the
cells in absence or presence of collagen precoaiiftigr 4 h, cells with high
cell area and high density were found on heteragenélms with a high PS
surface content, while after 6 days, such behaigaorather obserevd on
heterogeneous films with a high PMMA surface cotiten

Finally, both in absence or presence of collage&tgating and after
4 h or 6 days in culture, two other effects wereated:

() thedeveloped cell arean heterogeneous films is a linear
contribution of the behaviors observed on the patgmers.

(ii) cell density is positively affected by thieeterogeneityof the
surface, a higher cell density being observed oerbgeneous
films compared to the corresponding pure polymers.

This part of the work emphasizes the importancehef study of
adsorbed proteins on chemically heterogeneouscagfa he cell behavior
cannot only be explained by the nature and amotisideorbed proteins.
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Their organization is here identified as a crudedtor, which could be
controlled by the underlying surface chemical cosifgon. Our results
represent then a new point of knowledge in theraatéon of cells with
protein organization and surface chemical compmsitieterogeneities.

Our findings give also two main requirements fdufa research. The
first is to identify the scope of the response,c#mally which cell types
react to these cues. Previous studies have claghfighted that one cell
type could response positively to a specific cudlevbthers could react
oppositely. This also needs to be observed at leaular level so as to
further elucidate the mechanisms of cell reactidime second is to
investigate differentiation with longer time in ture. Previous studies have
indeed shown that initially, cell could be highlgsponsive to substrates
heterogeneities, while, with time, the same cuaddctead to a negative
response. The important challenge here is to be tabinduce appropriate
cell response which will lead to the desired d#faration pathway
depending on the application.

The future of cell and tissue engineering depemdthe development
of next-generation biomaterials. These materialstreither provide culture
supports to ensure the proliferation of the cetibected through biopsy, or
provide control over cell attachment and developnieto tissues. On the
one hand, our results could be used to design ndture supports to
enhance the proliferation of cells collected froomé biopsy and thereby
would improve the speed of the process. These néwre supports would
be, first, covered by a PS/IPMMA polymer blend laydtich will be made
with PS/IPMMA optimum ratio for cell proliferationnowhich collagen
layers would be deposited. On the other hand, esults could be used in
the design of new implants or scaffolds. The ideald be to use metals,
ceramics, polymers or composites which possessritite mechanical
properties end to modify them so that they wouldabée to induce the
collagen organization of interest.
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3.2. Future prospects

3.2.1. Strategy chosen for the design of protein layers with a
heterogeneous distribution

The aim of this thesis was to evaluate the impattpmtein
distribution on cell behavior. A heterogeneous @rotorganization was
obtained by protein adsorption on chemically hejern@ous substrates. As
explained above, another possible strategy whicts waly partially
exploited here consists in preparing heterogensaufaces on which one
phase inhibits protein adsorption. The use of Plereould be investigated
further, by understanding Pluronic conformation asdembly in solution as
well as its interaction with collagen, and by exaimy the effect of the type
of Pluronic used or by using sequential (i.e. Riligocadsorption prior to
collagen adsorption) instead of simultaneous adisorp

Instead of trying to create domains with or withpobteins, with a
view to further create zones allowing or preventogll adhesion, another
strategy could also have been conceived. Instéadamining the protein
layer in depth prior to performing cell experimenige could first culture
cells on homogeneous films, treated with adhesrotem, and based on the
results, select couples of one polymer allowing eelhesion with one
polymer preventing cell adhesion, in a given cdadijtto finally focus on
the elaboration of blend polymer films.

Cell cultures on all the polymers investigatedhis tthesis (not only
PS and PMMA) were actually briefly carried out taplement such strategy.
After three days of culture, Coomassie dye was deectell staining to
globally see how cell had proliferated. The resalts presented in Table 3
and are expressed in terms of very good prolif@nat{+), moderate
proliferation (+/-) and very poor to no adhesioh {Fhese results already
allow us to identify other potentially interestimgystems that could be
investigated to achieve our goal: fibronectin on(®SPS-b-PEO)/PMMA-r-
PMAA or collagen on PS/PMMA-r-PMAA and on PS-b-PEP®IMA films.
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Table 3: Qualitative observation of MC3T3-E1 cells cliured for 3 days on pure polymer
films and on glass after incubation of the substrat in PBS, fibronectin or collagen. Cells
proliferation was observed after Coommassie blue aining.

PBS Fibronectin collagen
Glass + + +
PS - + +/-
PMMA +/- + +/-
PS-b-PEO - + -
PMMA-r-PMAA - - -

3.2.2. Blend films e aboration

The results obtained here on PS-b-PEO and PMMAsfisuggest
again the investigation of cell culture on blends$ (with a collagen
coating or not). However, we were not able to elatmofilms exposing both
polymers at the extreme surface. Even if films pred from dioxane
solutions seemed to phase-separate better thaa pinepared from toluene,
they were still covered by a thin PMMA layer. Weulmb investigate other
solvents, annealing procedures (solvent, tempe&atur modify the spin-
coating conditions (always kept at 5000 rpm) ineortb try to modify the
extreme surface and reach the exposure of both @moemps at the interface.

3.2.3. Protein adsorption

We observed a drastic difference of nitrogen lelatected by XPS
on the pure polymer films after fibronectin or eglen adsorption. It could
be interesting to clarify these behaviors by ma#nsgher techniques such as
radiolabeling or Quartz Cristal Microbalance.

3.2.4. Cdll culture experiments

On films without collagen precoating we found that the cell density
was influenced by the surface chemical heteroggnkitding to a higher
cell density on heterogeneous films with a high PMbBbntent. Since cell
cultures were performed under serum conditiors bbvious that adhesion
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proteins from the serum cover the polymer film ptio cell adhesion and

therefore, the observed effect would also be dikdty the heterogeneous
distribution of those serum proteins. We could aetflee same experiment in
absence of serum to confirm this hypothesis.

On films with collagen precoating we also found an effect of
heterogeneity on cell density. This effect waslaited to a combination of
the exposure of ligands and of mechanical propexiethe protein layer.
The study of cell density on the same films withrdinectin precoating
would be interesting in order to determine if thffect is due to the presence
of adhesion ligands whatever their nature, or ifsita specific behavior
generated by collagen. Additionally, different cefiorphologies were
observed between pure PS and PMMA. These diffesemgauld be a
cumulative effect of collagen organization alonghaghemical composition
of the films. To free oneself of the chemical comifion, the investigation
of cell culture on PMMA precoated with a collagesusion at 100 pg/mL
(leading to the formation of large fibrils), and &5 precoated with a
collagen solution at 8 pg/mL (leading to the forimatof small assemblies
only) should help us better understanding the wiffe behaviors observed
between PS and PMMA in this thesis.

Finally, the main perspective of the work of thisesis is the
investigation of cell differentiation. Even if & very important to understand
very well the cell behavior after short time in Icalulture before
investigating differentiation after longer timesshaviors appearing to be
excellent after short time could prove to be ngtrapriate for differentiation
after a longer time. We attempted to evaluate d#ferentiation in the
course of the present thesis. We could highlighe thfferentiation of
MC3T3-E1 cells on glass through alkaline phospleatasay (generally used
as short term tag of differentiation). However, ianorease of osteocalcin
concentration or the formation of a mineralized nwafgenerally used as
longer term tag of differentiation) was never okiedrwith our MC3T3-E1
cells. We assume that our cell line lost its apili differentiate. We believe
that the series of collagen layers that was elabdrahere is highly
interesting to investigate differentiation. Therefo submitting the
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heterogeneous films to the culture of more stabteablast lines would be
relevant.
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An AFM, XPS and wettability study of the
surface heterogeneity of PS/PMMA-r-
PMAA demixed thin films

Summary

A series of homopolymer / random copolymer blends wsed to produce
heterogeneous surfaces by demixing in thin filnfee Thosen homopolymer
is polystyrene (PS) and the random copolymer ig(pwthyl methacrylate)-
r-poly(methacrylic acid) (PMMA-r-PMAA). Combining nconventionally
the information from atomic force microscopy (AFMages, X-ray
photoelectron spectroscopy (XPS) data, water cortagle measurements
and PS selective dissolution, it appears that tiMtaces obtained from
blends with a high PS content (90/10 to 70/30) ldispits with a bottom
made of PMMA-r-PMAA, randomly distributed in a P&itmix. On the other
hand, the surfaces obtained from blends with a R#vcontent (30/70 to
10/90) display randomly distributed PS islands aumded by a PMMA-r-
PMAA matrix. The morphology of the heterogeneolsdiis thought to be
governed by the higher affinity of PMMA-r-PMAA fothe solvent
(dioxane), which leads to the elevation of the P@sp compared to the
PMMA-r-PMAA phase, and to surface enrichment by PAHAPMAA.
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1. Introduction

A number of important properties of polymer matestiancluding
their interaction with biological systems, are coléd by their surface
chemistry and morphology [1-5]. Therefore, to stugsotein or cell
interactions with polymer materials, the surface mposition and
morphology of these materials need to be very alediracterized. Polymer
blends, which are widely studied, show surface eridgs which are often a
combination of those of the pure polymers, andrtheiface composition is
often different from that of the bulk [6]. Furthesre, because of the
immiscibility of most polymers, the surface of pwolgr blends usually
presents segregated structures with domains predomhy constituted of
each individual polymer [7-10].

The polystyrene / poly(methyl methacrylate) (PS/PMMlend is a
well-known combination of immiscible polymers fohieh bulk and surface
phase separation have been observed. Islands/matrik pits/matrix
morphologies were both reported [7-10]. Changing thlative polymer
proportions in such blends influences the geometthe observed domains
[11]. The component with the lower surface freergypei.e. PS, tends to be
enriched at the surface in order to minimise thigmer-air surface tension
[12]. However, PS/PMMA thin films obtained by sminating may be far
from equilibrium due to the rapid solvent evapamatiduring the spin-
coating process. Their thickness and surface méwglicare mainly due to
factors such as the concentration of the polymetheé blend [9,13,14], the
speed of spin-coating [11,13,15], the choice ofdbleent [7,10,11], and the
chemical nature of the substrate [7,13]. In somalies, annealing was
performed to get closer to equilibrium [8,12,16].

Random copolymers, consisting of a random sequesfcéwo
different monomers, do not lead to surface seg@gabecause of the
absence of sequences of the same monomer with fitientf length.
Methacrylate random copolymers, like poly(methyl tnaerylate)-r-
poly(methacrylic acid) (PMMA-r-PMAA) and poly(methynethacrylate)-r-
poly(trimethylaminoethyl methacrylate) (PMMA-r-TMARA), were used
to bring a negative or positive charge to PMMA irder to study the
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influence of surface charge on bacterial adhesiaii,1B]. Besides,
segregated structures were produced by spin-coatsujution of PMMA-r-

PMAA on top of a PS substratum which dissolved myhe process [10].
In this case, the heterogeneous morphology is ceatgpof a homopolymer
phase (PS) and of another phase (PMMA-r-PMAA) veitlarger chemical
diversity compared to pure PMMA. The interest o$ tkind of blends lies in
the possibility to control the proportion of a givehemical function in the
copolymer phase by varying the proportion of the@ tmonomers in the
random copolymer. Furthermore, the acidic functioh°"MAA could be

used for further surface functionalisation or grajt

In this study, we use a series of homopolymer/rema@polymer
blends to produce heterogeneous substrates by itgmix thin films. The
chosen homopolymer is polystyrene (PS) while thedoan copolymer is
poly(methyl methacrylate)-r-poly(methacrylic aci®MMA-r-PMAA) with
20 % of methacrylic acid units. The aim of this Wwas to characterize in
detail the surface morphologies obtained for diffeerproportions of PS and
PMMA-r-PMAA in the blends. The obtained surfaces analyzed by X-ray
photoelectron spectroscopy (XPS) using thorough anmjinal data
treatments, atomic force microscopy (AFM) and vmettimeasurements.
Selective dissolutions are also performed to idetiie presence of a given
polymer in the observed domains, thereby gettingemasight into the
obtained morphologies and their formation mechanism

2. Materials and methods

2.1. Preparation Preparation of thin films of PSSPMMA-r-PMAA

Demixed thin polymer films were produced by spimtiag (speed =
5000 rpm, acceleration = 20,000 rpm/s, time = 48 4p pl drop of blends
of PMMA-r-PMAA (random copolymer with 80% of PMMAnd 20% of
PMAA, M,, ~ 10 ; from Polysciences, Warrington, USA) and PS,(M
230,000, M ~ 140,000; from Merck, Germany) dissolved in dios
(Fluka, Switzerland) ont@ PMMA plate. In order to obtain a range of
substrates having different morphologies, a s&fiegven polymer solutions
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containing different PS/PMMA-r-PMAA ratios (90/185/15, 80/20, 70/30,
30/70, 20/80 and 10/90 w/w) was prepared; the fmt§lmer concentration
was always 10 g/l. Homogeneous films of PS and PMMPMAA were
also used as controls (100/0 and 0/100, respeg}tivdbte that the thickness
of the spin-coated films was measured by ellipsoyrfer homogeneous PS
and PMMA-r-PMAA spin-coated onto silicon wafers ngithe same spin-
coating conditions. It was about 40 nm in both sagdhe PMMA plates,
used as substrates, were obtained by compressidgingnaof a PMMA
powder (M, ~ 996,000, T 125° C ; from Aldrich, USA) between two glass
plates at 240°C. These plates were cut in ordebtain disks of PMMA (12
mm diameter) which were cleaned by ultrasoundrmeat in water for one
minute and dried under a nitrogen flow before thm-soating process. A
high molecular mass PMMA was selected to avoid PMMi8solution
during spin-coating.

2.2. Selective dissolution

In order to identify the PS domains at the sampldase, selective
dissolution of the PS phase was achieved. The ssmy#re immersed in 20
ml of cyclohexane (Fluka, Switzerland) at 45°C 2dnours. They were then
washed 5 times with hot cyclohexane under agitatod were finally
abundantly rinsed with ethanol (Fluka, Switzerlarat)d dried under a
nitrogenflow.

2.3. Atomic Force Microscopy (AFM)

The AFM analyses were performed with a Nanoscopapparatus
(Digital instruments, Santa Barbara, USA) in conhtaode. The analyses
were performed under milli-Q water and at room terafure. The SN, tips
had a spring constant of about 0.01 N/m and a sadlfiiccurvature of about
20 nm (Park Scientific Instruments, Mountain Vied§A). The scan rate
was about 5 Hz and the applied force was the mimmalue allowing to
keep the contact between tip and sample. For eanpls, at least four areas
were imaged in height mode. Images were planddfitising the image
analysis software provided with the microscope. Naoscope Bearing
analysis was used to determine the proportion®fttirface occupied by the
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inclusions. The bearing analysis calculates anglals the bearing-ratio
curve and surface-height histograms for selectegslior areas on images.
The bearing-ratio curve is the integral of the acefheight histogram. It
represents the percentage of points above a refe@ane as a function of
the depth of that plane below the highest point.

2.4. X-ray Photoelectron Spectroscopy (XPS)

The XPS analyses were performed with a Kratos Aiisra
spectrometer (Kratos Analytical — Manchester — WQuipped with a
monochromatised aluminium X-ray source (poweretiCatmA and 15 kV).
The pressure in the analysis chamber was arouffdPED The anglep
between the normal to the sample surface and tiedgis was 0° unless
specified otherwise. Analyses at= 70° were also performed in order to
collect information on a thinner surface layer. Hybrid lens magnification
mode was used with the slot aperture resultingniaralysed area of 700 um
x 300 pm. Charge stabilisation was achieved bygushe Kratos Axis
device. The pass energy was set at 40 eV for thaleld scans. In these
conditions, the energy resolution gives a full Vwidhat half maximum
(FWHM) of the Ag 3d), peak of about 0.9 eV and a maximal signal counts
of 1 038 000 counts/second. The following sequentespectra was
recorded: survey spectrum, C 1s, O 1s and C 1% agaiheck the stability
of charging potential and the absence of degradatidche samples during
the analysis. The binding energies were calculati#d respect to the C-
(C,H) component of the C 1s peak fixed at 284.8 Edlar concentration
ratios were calculated using peak areas normadisedrding to acquisition
parameters and sensitivity factors provided by thanufacturer. Peak
decomposition was achieved with the Casa XPS softW@asa Software
Ltd, UK), after subtraction of a linear baseline.

2.5. Water contact angle measurements

Static water contact angleg,) were measured at ambient
temperature using the sessile drop method and iraaglysis of the drop
profile. The instrument, using a CCD camera andirmage analysis
processor, was purchased from Electronisch Ontweeggln De Boer (The
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Netherlands). The water (milli-Q, Millipore, Molsing France) droplet
volume was 0.3 pl, and the contact angle was medduiseconds after the
drop was deposited on the sample. For each sathplegported value is the
average of the results obtained on at least 10etsop

3. Results

Topographic AFM images are presented for four of weven
PS/IPMMA-r-PMAA  polymer blends and for the correspiog
homogeneous films are shown in Figure 1.

PS/PMMA-r-PMAA
100/0 90/10 80/20

Height (nm)

Distance (um)

0/100

Height (nm)
thons

Distance (um)

Figure 1: Representative AFM images (high mode, 5 x 5 pm3jcadrgrey scale = 50 nm) of
thin films of blends of PS and PMMA-r-PMAA (comptisih of the blend indicated on top of
each image). The cross-sections were taken atiggn indicated by the dotted lines.
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While the control PS and PMMA-r-PMAA films are rattflat, the demixed
films present a typical surface relief. For thenole with a high PS content
(90/10 and 80/20), the obtained surfaces displaydomly distributed
inclusions which are below the matrix level (pitBe pit diameter increases
with the PMMA-r-PMAA content. For the blends withhagh PMMA-r-
PMAA content (30/70, 20/80), the obtained surfaaks® display randomly
distributed inclusions, which are in this case bigthan the matrix level
(islands). The island diameter increases with tig& d®ntent. Table 1
summarizes information extracted from the AFM insmpgeesented in Figure
1 as well as from AFM images acquired on the ofhgestigated blend
compositions (images not shown). The depth of iteeqr the height of the
islands, measured on cross-sections, are in thgerah20-50 or 30-40 nm
respectively. The proportion of the surface occdig the inclusions was
determined thanks to the Nanoscope bearing anaR@idblends with a high
PS/PMMA-r-PMAA ratio presenting pits, it increasédm 14 to ~ 50%
with the PMMA-r-PMAA content. It was close to 30%r fthe islands made
of blends with a low PS/PMMA-r-PMAA ratio.

Table 1: Data extracted from AFM images of thin films of tdis of PS and
PMMA-r-PMAA.

PS/PMMA r-PMAA

100/0 90/10 85/15 80/20 70/30 30/70 20/80 10/90 0/100

Surface features Flat Pits Pits Pits Pits Islands Islands Islands Flat
Depth of pits or height of islands® (nm) 19(4) 48 (10) 38(8) 354 373 32(4) 36(8)
Diameter of inclusions® (um) 0.6(0.2) 1.6 (0.7) 3.0(0.5) 3.3(04) 0.7(0.2) 0.5(0.1) 0.4 (0.1)

Area fraction of inclusions® (%) 14(2) 38(5 50 (2) 48(2) 28(2) 26(1) 28(3)

#Standard deviation is given between brackets (@etacted from 4 images and at least 5
pits or islands per image)

Static water contact angles and raw XPS data &septed in Table
2. The water contact angles of the random copolyPh&MA-r-PMAA (66°)
and of PS (85°) are close to those reported inliteeature for these
polymers [10]. The water contact angle measuredd@mixed thin films
shows intermediate values, which increase withRBecontent. The XPS
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Survey spectra show only the presence of oxygencamdon (note that
hydrogen atoms are not detected by XPS). The el@nemmposition of the
surface is expressed in mole fraction O/(O+C). QrePS, there is a low
concentration of oxygen which is attributed to emnihation from air, to
additives or to catalyst residues present in thiynper. For PMMA-r-
PMAA, the mole percentage of oxygen is expectdaet@9.5%. The slightly
lower experimental value may be mainly attributecn underestimation of
the proportion of oxygen (10% to 15%), owing to wensitivity factors
provided by the manufacturer, as also indicatedtHgy analysis of other
materials. The surface elemental composition afidiéms is intermediate
between those of the two pure polymers. Analysefopeed atp = 70°,
which allow a thinner (about 3 times) surface lajerbe probed, do not
show significant difference with the analyses penied atp = 0° for the
pure polymers. For the PS/PMMA-r-PMAA blends 90/46d 30/70,
analysis atp = 70° revealed a slight increase and decreasbeobxygen
content, respectively, compared to the values dexbatp = 0°.

Table 2: Water contact angleX,) and XPS data for thin films of blends of PS and
PMMA-r-PMAA

PS/PMMA -r- PMAA

100/0 90/10 85/15 80/20 70/30 30/70 20/80 10/90 0/100

e, 85.0(2.9) 84.5(1.7) 82.0(1.0) 80.0(0.8) 815(L.4) 73.5(0.6) 71.5(0.9) 67.0(1.8) 65.5 (1.5)

0/(0+C) (%) 0 1.2 4.2 10.4 15.0 14.2 20.4 211 225 25.6
70 10 6.2 18.8 25.0

f(%) 0 11 41 61 57 82 88 94 100

f' (%) 0 8 31 49 48 77 81 100 100

@ Standard deviation is given between brackets (@@surements at least)

® Angle ¢ between the normal to the sample surface andefieaxis. Note that a thicker
surface layer is probedg@= 0° compared te = 70°.

f : PMMA-r-PMAA area fraction determined from $Rdata atp = 0°with a method based
on the oxygen and carbon mole fractions (see tedétails).

f": PMMA-r-PMAA area fraction determined from XPS daito = 0° with a method based
on peak decomposition (see text for details).

The C 1s peaks recorded on the pure polymers andhe
PS/PMMA-r-PMAA blends are presented in Figure Zjether with the
chemical formulas of the polymers.

106



Chapter |

PS/PMMA-1-PMAA
100/0

90/10 G G

cl 80 Cl 20

85/15 PMMA-r-PMAA

80720

Intensity (arbitrary units)

o

70/30 =

PS
292 288 284 280

Binding Energy (eV)

(@ (b)

Figure 2: (a) C 1s peaks obtained by XPS on thin films ehldk of PS and PMMA-r-PMAA,;
(b) PMMA-PMAA and PS chemical formulas. (note tRMMA-r-PMAA is a random
copolymer).

The C 1s peak of PS contains a main componeng4a82V, which
corresponds to carbon bound to carbon and/or hgdr¢cC- (C,H)), and a
shake-up peak at 292 eV duelidI transitions in the aromatic ring. The C
1s peak of PMMA-r-PMAA is expected to present faamponents [19]
which correspond to the different types of carbtome (see Figure 2b): at
284.8 eV for carbon bound only to carbon or hydroge- (C,H), “G"); at
285.5 eV for carbon bound to a carbon itself botmdwo oxygens (_C-
(CO0), “@&;"); at 286.6 eV for carbon singly bound to oxyg&h@, “Cy")
and at 288.8 eV for carbon involved in an esteraoid function (O-
C=0,"Cy"). The proportions obtained experimentally for gbe four
components are respectively, 41.1 %, 20.5 %, 17,920055 %. These
experimental values correspond very well with tieotetical values which
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are respectively, 42 %, 21 %, 16 %, 21 %. The @ekks obtained for the
PS/PMMA-r-PMAA demixed thin films clearly show amabution of both
polymers, which follows the expected trends.

In order to evaluate the proportion of the two padys at the surface,
the XPS data have been treated using two differethods, which combine
differently experimental data and modelling appneiions. The first
method consists in computing roughly the surfaeetfon made of PMMA-
r-PMAA starting from the C and O mole fractionsetatined by XPS. If the
surface is considered as made of patches of P®BIMA-r-PMAA which
are thicker than the analysed depth, and if theerdihces of density and
(C+0) concentration between the two pure polymeesnaglected, the O/C
ratio measured on the blends, (Q/g)can be expressed as: [10,11]

(oj _fORP+(1-f)O%?
exp

[eq. 1]

CJy, fCZP+{-f)C

where f is the PMMA-r-PMAA surface fractiofDp¢ and O, are

the oxygen mole fraction, an@p¢ and C;Y are the carbon mole fraction

given by the XPS analysis of pure PS and pure PMMPMAA,
respectively. The computed f values are present@dlble 2.

The second method consists in decomposing the @edk of each
heterogeneous surface with two components correléppiio the C 1s peak
of pure PS and the C 1s peak of pure PMMA-r-PMAA. &ample of such
decomposition is shown in Figure 3. This decompwsigives the respective
contributions X and Y of PS and PMMA-r-PMAA in the 1s peak of
heterogeneous surfaces. These contributions X aocdnYbe converted into
the surface fraction of PMMA-r-PMAA (¥ as follows:

*

Y _  C,f

X~ CL0-1) a2

where C,¢ and C,,, are the carbon molar concentrations in PS and

PMMA-r-PMAA, respectively. These carbon molar comiations were
computed from the stoechiometry of each polymer fiach the polymer
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density (1.04 g/ctfor PS and 1.19 g/chior PMMA-r-PMAA) [20]. Cpg

is equal t079.7 andC’,;A is equal t058.3 mmole/crh The computed f

values are presented in Table 2. In most casegateeslightly lower than f.
Owing to the similarity of the C 1s and O 1s peblketween ester and
carboxylic acid functions, no further informatioanc be obtained on the

respective concentration of methyl methacrylate amethacrylic acid
monomers at the surface.

(a) (b)

PS/PMMA-r-PMAA
100/0 0/100

Intensity (arbitrary units)

290 285 290 285
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 3: lllustration of the method used to evaluate théagerfraction of PS and PMMA-r-
PMAA in mixed thin films from the shape of the Cfdsak. (a) C 1s peak of pure PS, (b) C 1s
peak of pure PMMA-r-PMAA, (c) C 1s peak of PS/IPMMARMAA 80/20, decomposed
using a linear combination of the C 1s peaks showa)i and (b).

In order to identify the PS domains without ambiguthe selective
dissolution of PS was achieved on one heterogensorface displaying
randomly distributed pits (90/10) and on anothee displaying randomly
distributed islands (30/70). AFM images recordeigraPS dissolution are
presented in Figure 4. The PS/PMMA-r-PMAA 90/10 face, which
showed pits before selective dissolution (see [Eigl), shows randomly
distributed islands (height ~ 15 nm, diameter ~ 8@0and area fraction ~
26 %) after selective dissolution. Two kinds ofirells are observed: some
are surrounded by a crest (height ~ 15 nm, witlpeeisto the center of
inclusion), while other ones are not. The PS/PMMRMAA 30/70 surface,
which showed islands before selective dissolutisee(Figure 1), shows
randomly distributed pits (depth ~ 30 nm, diametet200 nm and area
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fraction ~ 15 %), also surrounded by a crest, aftdective dissolution. The
information extracted from AFM images after PS dlisgon is summarized
in Table 3.

PS/PMMA-r-PMAA

20
0l
-20

Height (nm)

Distance (um) Distance (um)

Figure 4: AFM images (high mode, 5 x 5 um?; vertical greylsca50 nm) obtained after
selective dissolution of PS on the PS/IPMMA-r-PMA 0 (left) and 30/70 (right)
heterogeneous surfaces. The cross-sections wene &khe position indicated by the dotted
lines.

The surfaces of PS/PMMA-r-PMAA 90/10 and 30/70 bkeafter PS
dissolution were also analysed by XPS (see Tablev&r part), together
with control samples. If PS was entirely removedHhsy dissolution process,
the composition of pure PMMA-r-PMAA should be oloi@dl in the four
cases. Actually, a significant amount of PS remairesent on the samples
which initially contained a large proportion of Phe PMMA-r-PMAA
surface fraction after PS dissolution was quamtifiesing the calculation
methods explained above (f anddietermination) and is presented in Table 3
(lower part). In order to probe a thinner surfaagel, XPS analysis were
performed at = 70°. For pure PS, the O/(O+C) ratio decreadesively by
~ 40% compared to analysis performea at 0°, and for the surface of the
90/10 blend, it decreases by ~ 20 %. This indicttas a thin layer of PS
remains at the surface of these samples aftertiselatissolution. The 100
% of copolymer area obtained in the 30/70 blend lwarexplained by the
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fact that the methods used are not enough sensitidetect small amount of
PS. When the PS amount is too small, the PS shalke eaonfused with the
baseline, therefore the methods don't detect the PS

Table3: AFM and XPS data obtained on thin films of blen®86 and PMMA-r-
PMAA after selective dissolution of the PS phase.

PS/PMMA -r-PMAA

100/0 90/10 30/70 0/100
AFM
Surface features Isla11d§ Fits A
+ crests + crests
i s Tacd i _ / 16 (5) 31(6)
Depth of pits or height of islands and crest® (nm) +15(3) +1103)
Diameter of inclusions” (um) / 0.8 (0.2) 1.3(0.3)
Area fraction of inclusions® (%) / 26 (3) 16 (2)
XPS
0/(0+C) (%) 0 15.4 19.2 239 256
"0°b 8.5 5.9 22.9 26.0
f(%) 64 80 100 100
£'(%) 72 88 100 100

2 Standard deviation is given between brackets (@@surements at least)

® Angle ¢ between the normal to the sample surface ancetisedxis. Note that a thicker surface layer
is probed a = 0° compared te = 70°.

f : PMMA-r-PMAA area fraction determined from ®Pdata atp = 0°with a method based on the
oxygen and carbon mole fractions (see text foriidgta

f: PMMA-r-PMAA area fraction determined from XPS daite = 0° with a method based on peak
decomposition (see text for details).

4. Discussion

AFM images obtained on thin films of a series aérals of PS and
PMMA-r-PMAA showed that the surface of blends witthigh PS content
(from 90/10 to 70/30) presents pits with a diametereasing with the
increase in PMMA-r-PMAA content, while the surfamfeblends with a high
PMMA-r-PMAA content (from 30/70 to 10/90) presentdands with a
diameter decreasing with the decrease in PS content
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XPS data confirm that both polymers are presetheturface. The
PS-rich phase was removed by immersing the samiples/clohexane,
thereby revealing the remaining PMMA-r-PMAA phaX®S analyses after
treatment by cyclohexane showed that the removBSfvas not complete.
Furthermore, analyses@t= 70° showed a decrease of oxygen concentration
compared to analyses at= 0° while before PS dissolution (Table 2), no
significant difference was observed between analysmbing different
depths. This shows that some PS remains at theneatrsurface after
dissolution. Since AFM analyses clearly show ddfdrsurface topographies
before and after dissolution and given the enriaftroé the remaining PS at
the extreme surface, it can be assumed that datyén of PS is deposited on
the whole surface during the dissolution step.

After PS dissolution, the surface made by the PS3/RM-PMAA
90/10 blend displays islands, some of which areosmded by crests while
others are not. The islands with crest would cpwed to pits which could
be seen on the surface before dissolution, whidddlands showing no crest
would be buried inside the bulk before dissolutibnthe same way, the
surface made by the PS/PMMA-r-PMAA blend 30/70 igp, after the PS
phase dissolution, randomly distributed pits alsoa®inded by a crest.

The comparison of AFM images before and after disem shows
that the surface of the PMMA-r-PMAA phases, in #igecast, is always at a
lower level than the surface of the PS phases.sbheent affinity for each
phase was reported to influence the structure ofixid thin films [7]. As
dioxane is a better solvent for PMMA than for P8][2PS will turn into a
solid phase earlier than PMMA-r-PMAA during film rfoation by spin-
coating. Subsequent evaporation of the remainihgesbleads to a collapse
of the more soluble polymer (PMMA-r-PMAA), and tioet elevation of the
other phase (PS)[7]. The presence of the crestghvetie in all cases made
of PMMA-r-PMAA, was tentatively explained in thetdrature by the
difference of surface tension between the phasgsWeé would rather
attribute their formation to adhesion of PMMA-r-PMAon the more
elevated edges of the PS phase which precipitate fi
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These observations and considerations lead toahe@usion that the
bottom of the pits would be made of PMMA-r-PMAA,raaunded by an
elevated PS matrix, while islands would be madd*$fsurrounded by a
lowered PMMA-r-PMAA matrix, as schematically degidtin Figure 5. The
surface coverage by the inclusions, as directlyswmesl on AFM images,
would then represent the PMMA-r-PMAA pits surfacaction in the case of
blends from 90/10 to 70/30, and the PS islandsasarfraction for blends
from 30/70 to 10/90 (Table 1). The relationship wesn the surface
coverage by the inclusions observed by AFM (Tableadd the surface
coverage by PMMA-r-PMAA deduced from XPS (Table B) thus
straightforward: they should be similar for therue with a low PMMA-r-
PMAA content, and complementary for the blends witlow PS content,
which is indeed the case.

PS/PMMA-r-PMAA 90/10

PS +——
PMMA-r-PMAA
PMMA substrate

(@)

PS/PMMA-r-PMAA 30/70

PS <«
PMMA-r-PMAA
PMMA substrate

(b)

Figure 5: Schematic representation of a cross-section thrtheythin films made from a (a)
PS/PMMA-r-PMAA 90/10 blend, (b) and a PS/PMMA-r-PMA0/70 blend.

To study the link existing between the blend amfiese composition,
a comparison of the PMMA-r-PMAA surface fractiore(iced from XPS: f
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and ' - Table 2 - and AFM data — Table 1) with the poyrweight fraction
of PMMA-r-PMAA in solution is shown in Figure 6ah&€ PMMA-r-PMAA
fraction is higher at the surface compared to tilet®n, i.e. the thin films
display a surface excess of PMMA-r-PMAA. This treisl especially
pronounced for low PMMA-r-PMAA content. If surfa@®mposition was
driven by surface energy, which is lower for Phtfer PMMA-r-PMAA, a
surface enrichment of PS would be expected. Theoretor the enrichment
in PMMA-r-PMAA may be related to the spin-coatingpgess, which leads
to rapid evaporation of the solvent, preventing film to reach the
equilibrium state. The different solubilities of RM-r-PMAA and PS in
dioxane cause demixing of the polymers as the sbkreaporates, leading to
surface enrichment of the component with the higbelsibility [9].
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Figure 6: Evolution of (a) the PMMA-r-PMAA surface fraction function of the PMMA-r-
PMAA fraction in solution; (b) the water contactgia of thin films in function of the
PMMA-r-PMAA surface fraction (solid line: Cassieaw). The PMMA-PMAA surface
fraction was evaluated by XPS:d)(and f'(o) (see Table 2 and text for details) as well as on
AFM images @&).

Both PS and PMMA-r-PMAA are rather hydrophobic pogrs, as
shown by high water contact angles, but PMMA-r-PMA#\ the less
hydrophobic, in agreement with the presence of rpdlactions. The
demixed thin films present intermediate hydrophityidigure 6b shows the
evolution of cosine of the water contact angle vitik surface PMMA-r-
PMAA fraction evaluated by XPS and AFM. Clearlyetkvolution is not
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linear. For heterogeneous surfaces, the Cassie'piadicts that the cosine
of the water contact angle is the average of tlsneoof the contact angles
of the pure phases weighted by their respectivdaser fraction (line
indicated in the graph) [21]. However, this law may longer apply to
systems presenting phases with a significant siz€00 nm). In that case,
the evolution of the static water contact angleicivimay be assimilated to
an advancing contact angle, is mainly governedhayrhore hydrophobic
phase, on which the three-phases contact line nsranchored [21]. This
explains the shape of the curve presented in Fi§brevith cosB,, values
lower in all cases than those expected from Casdimlv, due to the
predominant effect of PS domains.

5. Conclusion

A series of PS/PMMA-r-PMAA heterogeneous substratess
produced by demixing in thin films. Blends with igltn PS content (90/10 to
70/30) display randomly distributed pits with atbat made of PMMA-r-
PMAA, surrounded by a PS matrix. Blends with a IB® content (30/70 to
10/90) display randomly distributed PS islands aumded by a PMMA-r-
PMAA matrix. Original and thorough quantitative d@tment of the XPS
data, on the one hand, and of the AFM images, erother hand, allowed
the fraction of the surface occupied by each potyimée estimated. A good
agreement was found between these methods. Comiuatied initial blend
composition, the obtained heterogeneous surfaces arlow PMMA-r-
PMAA content, enriched in PMMA-r-PMAA. Selectivesdplution of the
PS phase gave more insight into the morphologyhefolbserved structures,
and showed PMMA-r-PMAA crests at the interface witB. The surface
relief created by the inclusions, the PMMA-r-PMA#£est formation and the
surface enrichment in PMMA-r-PMAA may be explainbd the higher
solubility of PMMA-r-PMAA compared to PS in the seht used for spin-
coating. The correlation existing between the s@f®@MMA-r-PMAA
fraction and the cosine of the water contact adgleates from linearity (i.e.
does not follow Cassie’'s law) which may be attrdouto the predominant
effect of the more hydrophobic PS domains. The inbth heterogeneous
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surfaces are currently used to investigate theftuénce on protein
adsorption and on cell behaviour [22].
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Nano-organized collagen layers obtained
by adsorption on phase-separated

polymer thin films

Summary

The organization of adsorbed type | collagen layges examined on a
series of polystyrene (PS)/ poly(methyl methace)lat (PMMA)
heterogeneous surfaces obtained by phase sepaiatibim films. These
thin films were prepared by spin coating from solus$ in either dioxane or
toluene of PS and PMMA in different proportions.eithmorphology was
unraveled combining the information coming from a§rphotoelectron
spectroscopy (XPS), atomic force microscopy (AFNhd avater contact
angle measurements. Substrates with PMMA inclusiores PS matrix and
conversely, substrates with PS inclusions in a PMirix were prepared,
the inclusions being either under the form of pitsslands, with diameters
in the submicrometer range. The organization dbgeh layers obtained by
adsorption on these surfaces was then investig@adpure PMMA, the
layer was quite smooth with assemblies of a fedageh molecules, while
bigger assemblies were found on pure PS. On tlerdustneous surfaces, it
appeared clearly that the diameter and length bagen assemblies was
modulated by the size and surface coverage of Seldmains. If the PS
domains, either surrounding or surrounded by thé/RMhase, were above
600 nm wide, a heterogeneous distribution of celtagvas found, in
agreement with observations made on pure polynteteerwise, fibrils
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could be formed, that were longer compared to thasserved on pure
polymers. Besides, the surface nitrogen contemtraehed by XPS, which is
linked to the protein adsorbed amount, increaseghly linearly with the
PS surface fraction, whatever the size of PS dosnasmggesting that
adsorbed collagen amount on heterogeneous PS/PMM#faces is a
combination of that observed on the pure polymérkis work thus shows
that PS/IPMMA surface heterogeneities can goverfag®h organization.
This opens the way to a better control of collagaupramolecular
organization at interfaces, which could in turnoadl cell — material
interactions to be tailored.
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1. Introduction

The understanding and control of cell behavior difi@al materials
is a key issue for the elaboration of innovativeprapches in the field of
biomaterials. The critical step for colonizationaimaterial by cells is cell
adhesion on the surface of the material. This adhestep is mediated by
adhesion proteins (such as collagen, fibronecaminin, etc) containing
specific adhesion sequences which serves as lifgancell receptors. The
nature of the proteins as well as their confornmaiad organization within
the adsorbed layer may strongly influence the recdgand recognition,
and thereby modify cell adhesion and further cehavior® ® Accordingly,
understanding and controlling the supramoleculgawization of adhesion
protein layers on artificial surfaces is a chalkendimportancé?®

Type | collagen is a frequently used adhesion prdta in vitro cell
applications. Furthermore, this extracellular matgrotein plays an
important role in the formation of tissues and oggaand influences cell
expression in many cases. Collagen organization skasvn to strongly
influence cell behavior at interfacgs. The collagen type | molecules are
semiflexible rods of approximately 300 nm in lengtid 1.5 nm in diameter
and have the ability to self-assemble. The asgoniatf five molecules
serves as a basis for the formation of microfibwisich can further grow
into larger fibers. Fibrils have been shown to fanmvitro as well asin
vivo.? ?

While adsorption is driven for most proteins by aing of
conformational entropy, collagen adsorption is ryaidue to a gain of
solvent entropy when hydrophobic patches of theemde contact either
hydrophobic substrates areas or hydrophobic patfioes other collagen
molecules. Besides, it has been shown that adsorbed collagecture
strongly depends on the adsorption conditions,féllewing factors being
crucial: characteristics of the collagen solutiogedi for the adsorption
(concentratiort® state of aggregatiof}, *! collagen conformation (native vs.
denatured§? ** pH " *ionic strength 9, duration of adsorptiotf; ° as
well as drying step after adsorptitn®® It was also demonstrated that the
substrate surface properties were critical for duosh collagen
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organizatiorf: *° Regarding the influence of surface hydrophobidByrdak
et al observed that the tendency of collagen tonfbbrils in the adsorbed
phase was correlated with the contact angle ofstiréace: the more the
surface was hydrophobic, the more collagen forniedd.’® In addition to
that, Pamula et al observed a higher affinity oflageen for polystyrene
compared to surface- oxidized polystyréh®egarding surface topography,
Denis et al compared the formation of collagenilfdr structures on CH
terminated self-assembled monolayers on smootlowghr substrates and
demonstrated that roughness may prevent fibril &ion, which was
attributed to a reduced lateral mobility of adsarbsolecules?

Since the micro- or nanopatterning of proteins hasn shown to
strongly influence cell behavior, it has become active area of
investigation"® Many advanced techniques, such as micro-contartingy
and microfluidic patterning, have been developedpattern proteins on
surfaces. However, these techniques are expergivgiersome and cannot
be easily scaled up for widespread use and largduption® Therefore,
more direct and easier approaches are now envisioBece protein
organization after adsorption is strongly influethdey surface chemical
composition, proteins can be directly adsorbed treterogeneous polymer
thin films to obtain protein patterns. Recent répdrave demonstrated that
block copolymers could be used as protein patemplates. Liu et al used
diblock copolymers containing two hydrophobic blogamely polystyrene-
b-polyisoprene (PS-b-PI) and showed that albumith famronectin tend to
adsorb selectively on PS domains. Soft Pl domaimsildv be protein
repellent compared to hard PS domains because eohitih molecular
mobility of Pl at room temperatufé.? PS domains also seem to be more
favorable to protein adsorption than more hydraphBblocks such as
poly(methyl methacrylate) (PMMA). Kumar et al used amphiphilic
diblock copolymer of PS-b-PMMA to control the spdtdistribution of
fibronectin, albumin and immunoglobulin G (IgG), bsing short adsorption
times and low protein concentrations. Their resuitlicated that protein
adsorption was highly favored on the PS blocks el ag on the PS/PMMA
interfaces” Using a similar copolymer, Lau et al also obsertieat 1gG
accumulated at PS/PMMA interfaces, and mentioned the adsorbed
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amount on the PS/PMMA copolymer surface was notegrage of the
adsorption behavior on PS and PMMA but was enhama#d respect to
both types of polymer surfac&sMatsusaki et al showed that a PS-b-PMMA
copolymer with a 48 nm lamellar spacing could beduto align proteins
after short adsorption times. Fibronectin, fibriangandy-globulin were
found to be forced to align on the PS domains wtilkagen did not show
any preferred orientation after adsorptfofiowever, it was also shown that
collagen could be aligned on amphiphilic patterhsimilar size obtained by
a combination of electron-beam lithography andhgilgrafting, using longer
adsorption time$®

Besides the use of copolymers to obtain heterogentwn films, an
even more simple method is the preparation of pheparated polymer
blend surfaces. Whilamphiphilic diblock copolymers separate into domsai
on the nanometer scale, thin films of immiscibléypeer mixtures separate
with domain sizes typically on the submicro- to raieter scalé’ It was
demonstrated that this type of heterogeneous ®sfaguld also be used to
obtain protein patterns. Dekeyser et al investmjatee organization of
fiboronectin on blends of PS and poly(methyl methiate) -
poly(methacrylic acid) random copolymer (PMMA-r-PMA Different
states of aggregation of adsorbed fibronectin waveerved on PS and
PMMA-r-PMAA and these behaviors were maintainedphiase-separated
samples, leading to substrates with heterogeneotgip organizations.
Besides, PS/IPMMA blends were also studied as tdewpléor protein
patterning. As observed on PS-b-PMMA copolymersraghort adsorption
time, albumin was found to adsorb preferentiallyR® and at PS/PMMA
interfaces. Furthermore, by investigating longesaaption times on those
blends, a net loss of protein from the interfacas wbserved together with a
gain on the PMMA domairt$.

In this study, we investigate the influence of hegeneous substrates
on the organization of adsorbed type | collagdme heterogeneous
substrates were produced by phase separatiomifilths of blends of PS, a
hydrophobic polymer, and PMMA, a more hydrophilmymer. A series of
substrates with different morphologies, chemistraesl wettabilities was
obtained by varying the polymer concentration ratid the solvent used for
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thin film elaboration. The surfaces obtained befamed after collagen
adsorption were analyzed by X-ray photoelectronctspscopy (XPS),
atomic force microscopy (AFM) and wetting measunetrse

2. Materials and methods

2.1. Preparation of thin films of PSSPMMA

Phase-separated polymer thin films were producedpiy-coating
(speed = 5000 rpm, acceleration = 20,000 rpm/< #M0 s) a 40 ul drop of
blends of PMMA (M, ~ 996,000 g/mol, J125° C ; from Aldrich, USA) and
PS (M, ~ 230,000 g/mol, M~ 140,000 g/mol; from Merck, Germany)
dissolved in a common solvent (dioxane (Fluka, Zsviand) or toluene
(Merck, Germany)) onto a silanizeglass coverslip (12 mm in diameter;
Menzel-Glaser, Germany). The silane used for grgfthe glass coverslips,
methacryloxypropyltrimethoxysilane (MOPTMS; Gelegermany), was
chosen in order to improve polymer adhesion togglake glass coverslips
were cleaned by immersion for 30 min in a freshigpared piranha solution
(30 % HO,:98 % HSO, 1:3). After that, the silanization reaction was
performed for 4 h, using a silane concentratio.61lM in dioxane. Finally,
the grafted coverslips were rinsed a couple of siméh ethanol and dried
under a nitrogen flow. The obtained silanized ghlass rather hydrophilic
(water contact angle of about 30°) meaning that dhwunt of grafted
MOPTMS is low but still sufficient to improve adhes. After spin coating
on these substrates, the thickness of the PS adAPfiims was about 40
nm, as consistently measured by ellipsometry andABWl (on a scratch
produced on the film in the latter case). In oreobtain substrates having
different morphologies, several polymer solutionsntaining different
PS/PMMA ratios were prepared in either dioxaneotuene: 90/10 w/w in
dioxane (90/10d), 30/70 w/w in dioxane (30/70d)/985w/w in toluene
(05/95t) and 30/70 wiw in toluene (30/70t). Theatgtolymer concentration
was always 10 g/l. Homogeneous films of PS and PMIgepared in the
same conditions as stated above from solutionliret®, were also used as
controls (pure PS (100/0t) and pure PMMA (0/10@t3pectively).
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2.2. Collagen adsor ption

Collagen from calf skin (90 % type | and 10 % typh was
purchased as a 4 mg/ml solution from Biochrom A®, Qollagen solution
at 25 pg/ml was prepared by dilution at 4°C in gitnage buffer saline (PBS)
(pH 7.4; PBS tablets, Invitrogen, USA) and thenmed at 37°C for 15 min
just before proceeding to adsorption. The sampbze pwlaced in a multiwell
tissue culture plate (12-well plate, one samplevpah), 2ml of the collagen
solution were poured into each well and the plats imcubated at 37°C for
3 h. The samples were then rinsed with ultra-pusgew(milli-Q, Millipore,
Molsheim, France) without being withdrawn from thelution, and dried
under nitrogen flow.

2.3. Atomic Force Microscopy (AFM)

The AFM analyses were performed in air and at raemperature
with a Nanoscope llla multimode apparatus (Digitastruments, Santa
Barbara, USA) in tapping modeh@ tips used were made of silicon, and had
a spring constant comprised between 20 and 80 Nith a resonance
frequency in air between 212 and 319 kHz (BrukataBeau, France).he
scan rate was about 0.6 Hz and all images wererdedoin moderate
tapping (set-point amplitude ratios# 0.6-0.8). Rindomly chosen zones
were imaged for each sample and for each zonehthaigd phase images
were recorded upon scanning. All obtained image® \weocessed with the
Nanoscope analysis software, using either flatggpmplane fit according to
the relief characteristics, with the minimal polymal order needed. The
proportion of the surface occupied by the inclusiaras determined using
the “bearing analysis” function of the Nanoscopelgsis software. The
bearing analysis calculates and displays heighodriams and bearing-ratio
curves for selected areas on images. The beariigetave is the integral of
the height histogram; it represents the fractiondata points above a
reference plane as a function of the depth of pteie below the highest
point.
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2.4. X-ray Photoelectron Spectroscopy (XPS)

The XPS analyses were performed with a Kratos Aditra
spectrometer (Kratos Analytical — Manchester — Uduipped with a
monochromatised aluminium X-ray source (poweretiCatmA and 15 kV).
The pressure in the analysis chamber was abouP&0The direction of the
photoelectron collection was normal to the sampldase. Analysis was
performed in the hybrid lens mode with the slotrape, resulting in an
analysed area of 700 um x 300 um. The pass eneaagyset at 160 eV for
the wide scan and at 40 eV for narrow scans. Inldtter conditions, the
energy resolution gives a full width at half maxmyFWHM) of the Ag
305, peak of a standard silver sample of about 0.9@harge stabilization
was achieved by using the Kratos Axis device. Tdiwing sequence of
spectra was recorded: survey spectrum, C 1s, Ol Ik, Si 2p and C 1s
again to check the stability of charging potenttald the absence of
degradation of the samples during the analysis. lihding energies were
calculated with respect to the C-(C,H) componenthef C 1s peak fixed at
284.8 eV. Molar concentration ratios were calculatesing peak areas
normalized according to acquisition parameters aedsitivity factors
provided by the manufacturer. Peak decompositioa achieved with the
Casa XPS software (Casa Software Ltd, UK), aftdatragtion of a linear
baseline. The results were expressed in elemerg fmattions, excluding
hydrogen which is not detected by XPS.

2.5. Water contact angle measurements

Static water contact angleg,) were measured at ambient
temperature using the sessile drop method and iraaghysis of the drop
profile. The instrument, using a CCD camera andimage analysis
processor, was purchased from Electronisch Ontweegaln De Boer (The
Netherlands). The water (milli-Q, Millipore, Molsing France) droplet
volume was 0.3 ul, and the contact angle was medstirs after the drop
was deposited on the sample. For each sample efifeted value is the
average of the results obtained on at least 9 ét®pl
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3. Results and discussion

3.1. Characterization of the substrates befor e collagen adsor ption

Typical AFM images of the prepared PS/PMMA polyrfiens are
presented in Figure 1. Different topographies welbserved (see height
images): the 30/70t and 30/70d samples presemndisli@vith domains up to
1 pm in length and ~8 nm in height, and domainsnftb0 to 450 nm in
diameter and ~2 nm in height, respectively), thOB5film presents holes
(from 50 to 150 nm in diameter and ~8 nm deep) tted90/10d film has
little topography. Note that pure PS and pure PMHKil&s show quite
smooth topography (data not shown). Contrast was abserved on the
phase images. For the blends 30/70t, 30/70d an€50)5the observed
inclusions correspond to the one found on heighages, while for the
90/10d, a phase contrast is also recorded, shoingigsions (from 50 to
300 nm in diameter) which were not apparent onHbemght image. The
phase contrast indicates the location of PS and RMMface or subsurface
areas. PS areas are indeed revealed as dark regighsa phase shift
smaller than for the light PMMA regiofi$.?° This may be attributed to a
difference in adhesion between the silicon cargileand PS or PMMA.
From then on, PS fraction in surface or subsurfacgetermined for each
blend by measuring the proportion of the surfacsupied by the inclusions
on the phase images (see Table 1). The results ghaivwhe more the PS
content in solution increases, the more PS coverssurface. The surface
coverage by PS is however not identical to its propn in solution (see
discussion below). Furthermore, the solvent usdhlidnces this surface
coverage: for 30/70 PS /PMMA blends, the measufedirface fraction is
61 % in the case of toluene while it is only 36 %hwdioxane.

Static water contact angle values measured on tliess are
presented in Table 1. The values measured on puMAP(71°) and pure
PS (90°) are close to those reported in the litleeator these polymes *°
and the contact angles measured on phase-sepatatedilms show
intermediate values, which increase with the PStezdgnof the polymer
solution.
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PS/PMMA 90/10 (Dioxane

height ) phse A

Figure 1: AFM images (2.5 x 2.5 pm?) obtained on four PS/PMM@nds. For each blend,
height (Z=10 nm) and phase (z=10°, framed imagep#s are presented. Solvent and
PS/PMMA ratio used are indicated above the cormding images. On the phase images, PS
areas appear in dark and PMMA areas appear in(glettext for details). Scale bars = 500

nm.
The surface elemental composition of the films watermined by
XPS. The XPS survey spectra showed, as expectdy ttom presence of
oxygen and carbon (data not shown). Table 1 presdm elemental
composition of the films determined from individugdectra, expressed in

O/C mole fraction ratio (note that less than 1 %Sifwas sometimes
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recorded on the individual spectra). On pure P8, dkygen signal was
below the detection limit as expected for this pudy, while for PMMA, the
ratio was slightly lower (33 %) than the value eotpe based on PMMA
stoichiometry (40 %). This difference may be maimitributed to an
underestimation of the proportion of oxygen, ins@aof the inaccuracy of
the sensitivity factors provided by the manufaatuas also indicated by the
analysis of other materials. The surface elemeataposition of blend films
is intermediate between those of the two pure petgmand the O/C ratio is
increasing with the PMMA content of the polymer wmn. The 30/70
PS/PMMA blends behave again differently, a highelC Qatio being
recorded on the one prepared from dioxane comparéde one prepared
from toluene, in agreement with the lower PS fattineasured by AFM on
the former compared to the latter.

Table 1. Water contact angle,), XPS and AFM data for thin films of PS and PMMA

PS/PMMA
solvent
100/0 90/10 30/70 30/70 05/95 0/100

toluene dioxane toluene dioxane toluene toluene
Contact angle
. (°y 90.2£0.6 85.2=1.1 84703 75.5£0.8 74804 70.8%£0.5
XPS
n® 6 3 6 2 2 )
(0/C)* 100¢ 0(0) 4(1) 8(2) 20(1) 28(2) 33(1)
PS fraction in surface, f(%)° 100(1) 82(2) 70(8) 32(2) 102) 0(2)
AFM
nd 3 6 3 5

PS fraction in surface (%)° 79(1) 61(10) 36(1) 16(1)

3 Contact angle is given with confidence interval at 95% (at least 9 measurements)
® Number of measurements on independent samples

¢Standard deviation is given between brackets

4 Number of measurements on independent images

The C 1s spectra recorded on the pure polymersoanthe four
PS/PMMA blends are presented in Figure 2. The @e&k of PS contains a
main component which corresponds to carbon boundardon and/or
hydrogen (_C- (C,H)), situated slightly below 284\ due to the aromatic
character of carbon atoms, and a shake-up peakcd282 eV due tdI-IT
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transitions in the aromatic ring. The C 1s peakPMMA presents, as
expected, four componeftswhich correspond to the different types of
carbon atoms: carbon bound only to carbon or hgeticat 284.8 eV_(C-
(C,H)); carbon bound to a carbon itself bound to twygen atoms at 285.5
eV ( C-(COQ)); carbon singly bound to oxygen at .B86V (C-O) and
carbon involved in an ester function at 288.8 eMJ€D).

Shake up .\9

: =
100/0 (toluene)
Pure PS

90/10 (dioxane)

30/70 (toluene)

30/70 (dioxane)

Intensity (arbitrary unit)

L

05/95 (toluene)

d ¢ ¥ *O;’(\)\
N O\ .
~

L L L B LB L 0/100 (toluene)

206 292 288 284  uePMMA
Binding energy (eV)

Figure 2: C1s spectra for polymer films according to the P¥\ratio in solution. (a)-(d)
indicate different components of the pure polynets spectra: C-(C,H) (a), C-COO (b), C-
O (c), O-C=0 (d). The chemical structure of PS aktiMA are given in insets.

The C 1s peaks obtained for the PS/IPMMA phaseratgoh thin
films clearly show a contribution of both polymerbich allow classifying
them according to the importance of the componatitibuted to PS: 100/0
> 90/10d > 30/70t > 30/70d > 05/95t > 0/100 (ina#ewling order). XPS
data have been further treated to evaluate theopiop of both polymers in
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the surface layer probed by XPS (depth of aboutrb). The method used
consists in computing the PS surface fractionisgftom the C and O mole
fractions determined by XPS. If the surface is abgred as made of patches
of PS and PMMA which are thicker than the analydegth, and if the
differences of density and (C+QO) concentration leetw the two pure
polymers are neglected, the O/C ratio measuredemlends, (O/G), can
be expressed as:

(Oj ~ f Ops + (1_ f)O;ﬁMA
exp

Clap fCEE+{-T)CE

[eq. 1]

where f is the PS surface fractioBge and Ogf,. are the oxygen

. exp exp : :
mole fraction andC;¢ and Cy,,, are the carbon mole fraction given by

the XPS analysis of pure PS and pure PMMA, respalgti The computed f
values, reported in Table 1, are in good agreemétt the PS surface
fractions calculated from AFM images.

Contact angle values measured on phase-separatedilitic (see
Table 1) confirm that both polymers are presenthat extreme surface,
indicating that the PS fraction calculated with ARMd with XPS should
not only be related to the subsurface. Combiniegeiresults, it appears that
the 5/95t and 30/70d blends show a PMMA matrix VA inclusions (pits
and islands, respectively), while the 30/70t anfLl@@ blends show a PS
matrix with  PMMA inclusions (islands and no appdreopography,
respectively). The morphology of these films appety fall into two
categories: surfaces prepared from toluene witvasdel PMMA phases, and
surfaces prepared from dioxane with PS elevatedgshar no topography.
This difference can be explained by the respectilability of the polymers
in each of the solvents (see Supporting Informatfon more details
regarding the factors affecting the morphologyhefse films, p134).

The surface fraction of PS, determined by XPS amd/Adiffers
significantly from the PS fraction introduced inlig@n (see Table 1 for
details and Table S-1 in Supporting Information $ammary, p135). Note
that these values can only be compared assumintasidensities for PS
and PMMA, which is reasonableppfma~1.15 and pps~1.05)* For
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PS/PMMA blends at equilibrium in air, surface ehnent by PS would be
expected since this would lower the surface enéergin films produced by

spin coating are however not at equilibrium. Theponent with the highest
solubility is then supposed to be enriched in iiméase layer® PS is indeed

significantly more present at the interface comgdoethe solution for films

prepared with toluene. This is less clear for PMiMAhe case of dioxane.
This could again be explained by the high moleculaiss of the PMMA

used. As a longer polymer chain at the surfaceessif more severe
conformational entropy penalty, the surface is niawerably covered by the
component with a lower molecular mdss.

The phase-separated thin films present intermediiptizophobicity
compared to pure PS and pure PMMA, as shown by ithtermediate water
contact angle values (see Table 1). These valwesairlinearly correlated
with the PS fraction in surface (see Supportingodmiation, Figure S-1,
p135) but seem to be linked to the hydrophobicityhe polymer forming
the matrix. Indeed, the 90/10d and the 30/70t ldemehich present a PS
matrix, have water contact angle values (85.2°8hd°) closer to the one of
pure PS, while these of 30/70d and 5/95t blends5(7%&nd 74.8°,
respectively), which present a PMMA matrix, areseloto the one of pure
PMMA. For a chemically heterogeneous surface, thes(e's law predicts
that the cosine of the water contact angle is tleeage of the cosines of the
contact angles of the pure phases weighted by tesipective surface
fraction® In the present work, such a correlation is noeoled, neither for
toluene nor for dioxane, and whatever the sizehefinclusions. This law
however applies to regularly distributed heterog@®eof a limited size, and
smooth and default-free surfaces, which is noctdse here.

3.2. Characterization of the substrates after collagen adsor ption

The collagen layer organization on the pure polgmand on the
phase-separated thin films was assessed by AFMghHeapping mode
images of collagen adsorbed on the pure polymersslaown on Figure 3.
The layer appears to be quite smooth on pure PMM#Ah collagen
assemblies of a few molecules, about 4 nm in heigttfrom 300 to 600 nm
in length. This height could be attributed to thenfation of pentamers. In
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the case of pure PS, the size and the shape afjeollassemblies appear to
be different. Assemblies seem to be composed @rakarms of ~300 nm in
length and 10 nm in height associated togetheniarehoring knot of ~20
nm in height. These results are in good agreemeitih \previous
observations respectively made on PMNAand on P8 7 |t was
shown that the key parameter of the supramolecalganization of
adsorbed collagen layers was substrate hydroplypbieollagen molecules
adsorbed on hydrophobic surfaces would interaciutiin some segments
with the substratum and would leave other segmpritruding into the
solution, which would be free for self-assembly hwibther collagen
molecules. On hydrophilic surfaces, the rate obgutgon would be slowed
down, leaving time for the molecules to interacthwtheir full length with
the substrate. Adsorbed collagen would then formeghanically resistant
layer of entangled molecules, which are unavailébteself-assembly with
other collagen moleculés.

(a) PS/IPMMA 0/100 (Toluene) (b) PS/IPMMA 100/0 (Toluene)
Pure PMMA Pure PS

Figure 3: AFM images (5 x 2.5 um?; z = 30 nm, height modeginted on (a) pure PMMA
and (b) pure PS films after collagen adsorptioml&bars = 500 nm.

On heterogeneous PS/PMMA thin films, adsorbed gelia
organization is different depending on the PS/PMK#io and the solvent
used, as illustrated in Figure 4. On the films prgig a PMMA matrix with
PS inclusions (05/95t and 30/70d), the height skeawlies appears to be
smaller than the one of those observed on the firesenting a PS matrix
with PMMA inclusions (30/70t and 90/10d).
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PS/PMMA 90/10 (Dioxane
\

L "r S
PMMA 30/70 (Dioxane)

Figure4: AFM images (5 x 2.5 pumz?; z = 30 nm, height moddpivied on heterogeneous
PS/PMMA thin films after collagen adsorption. Saivand PS/PMMA ratio used for thin
film preparation are indicated above each imagealeSgars = 500 nm.

On the 05/95t film, which has PS inclusions witkuaface coverage of about
10 %, the size of most of the assemblies is sinbdahat observed on pure
PMMA, and a few bigger assemblies (up to 1 um irgie and 15 nm in
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height), covering ~4 % of the surface, appear toabehored in the PS
inclusions. It seems that these PS inclusions ofo5D50 nm wide are too
small to allow the formation of big assemblies sashthose found on pure
PS. In the case of the 30/70d film (30 % of PShm surface layer), the PS
inclusions are larger (up to 450 nm). After collagelsorption, the PMMA
matrix is also covered by assemblies similar tharpore PMMA, and PS
inclusions are clearly identified as the anchogints for the formation of
bigger assemblies, which extend further into theM™Imatrix. Because
these assemblies tend to bridge two inclusiong; kxegth can be very high
(more than 1 um) and their height varies from ~@0am inclusions to 4 — 8
nm when they reach the matrix. By comparison, tiagen layers observed
on the heterogeneous films with a PS matrix (30&4rat 90/10d) are closer
to those observed on pure PS, and most of the dissrshow a shape and
size that are similar to those found on pure PSthH@n30/70t blend, these
big assemblies clearly avoid areas correspondinged®MMA inclusions,
which appear to be covered by smaller assemblagnd similar sizes than
those observed on pure PMMA. Finally, the collatmrer observed on the
90/10d blend, which corresponds to a surface covatr®&0 % by PS, is very
similar to that observed on pure PS, but some smaisemblies similar to
those observed on PMMA are observed as well.

As already demonstrated by the contact angle meamsnts
combined with AFM phase images and XPS analysd¢bephase-separated
thin films, the morphology of the obtained collagiyers confirms the
surface chemical heterogeneity of substrates, wieiatis to different modes
of collagen assembly. The results also confirm #ssemblies observed in
adsorbed collagen layers are not formed in solutioior to adsorption, but
are built at the interface, through the assemblredd segments of adsorbed
molecules, as previously demonstratedlloreover, the longer assemblies
obtained on the 05/95t and 30/70d films compareth¢oones observed on
the pure polymers show that the size of PS inchssio a PMMA matrix
could interfere with the length of the obtainedeasslies. If the size of
inclusions is below 600 nm in diameter, the assmshlsually found on PS
(several arms of 300 nm) cannot be formed. Simgiladn the films
presenting a PS matrix (30/70t and 90/10d), assemfuloser to those
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observed on pure PS were found because the distzatoeeen PMMA
inclusions is longer than 600 nm. Whatever theamaf collagen assemblies
found on PS areas seem to have anchoring knotsawliigher height than
the rest of the assembly. Under liquid, these kmaisld be the anchoring
point of collagen molecules on the PS areas, lgafree segments in the
solution. These free segments would then be pusloed) the surface plane
by the drying step, as evidenced befdr€o enhance the observation of the
position of these knots on the heterogeneous @sfactopographic Z scale
with different colors was used, allowing specifipographic features to be
highlighted. Figure 5 shows the adsorbed collaggardzation on pure PS
and on the 30/70d blend with the multiple coloralecThe anchoring knots
clearly appear in blue. It seems that these knatgeeferentially located at
the interface between PS and PMMA areas ratherithéme middle of the
PS inclusions (see Figure 5b).

(a) PS/PMMA 100/0 (Toluene)
Pure PS

Figure5: AFM images (5 x 2.5 umz; z = 30 nm, height modeprded after collagen
adsorption on (a) pure polystyrene and (b) PS/PMBAA0d. A multiple color scale was
used to highlight the presence and location of aricf knots in collagen assemblies. Scale
bars = 500 nm.
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The nitrogen surface concentration, which is reldte the detected
amount of collagen, was determined by XPS on &s&i PS/PMMA films
after collagen adsorption. Figure 6 illustratesitifience of the PS fraction
in the surface layer on the detected nitrogen ni@etion after collagen
adsorption. It shows that the nitrogen surface ebofration increases
roughly linearly with the PS surface fraction, sesfing that collagen
adsorbed amount on heterogeneous PS/PMMA surfacebecdescribed as
a combination of that observed on the pure polym&ecsordingly, even if
the phase-separated thin film presents inclusionaller than 600 nm in
diameter, interfering with the length of the formeallagen assemblies as
shown above, the detected collagen amount remac@dination of the
amounts detected after adsorption on the pure polymveighted by their
respective surface coverage levels. Such a resualfrasts with previous
studies performed with other proteins on PS/PMMAtetegeneous
surfaceg> 2+ 28
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Figure 6. Evolution of the nitrogen surface concentratioredeined by XPS after collagen
adsorption in function of the PS surface fractietedmined by XPS on PS/PMMA thin films
before adsorption.

These studies indicated that adsorbed albumin armoi@und on
heterogeneous surfaces were not an average of thaosd on the pure
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polymers because of an accumulation of adsorbeipsoin the interfacial
areas between the PS and PMMA domains. Even iemefial anchoring
points are observed here in these interfacial atbase is no evidence for
the accumulation of collagen molecules at the ainliaes between the
matrix and the inclusions. This difference can heébaited to the driving
force for adsorption, which strongly depends onptatein deformability’®
While albumin is known to change its conformatiopon adsorption to
maximize interactions with the substrate, thisas the case for collagen in
reason of its more rigid structure.

Our results also differ from a previous study mato collagen
adsorption on PS/PMMA heterogeneous surfat®ghile we show that the
diameter and length of collagen assemblies is natedlby the size and
surface coverage of surface heterogeneities, tngthers obtained branched
structures on PMMA and network structures on PSes&h different
behaviors can be explained by the use of diffeggigorption conditions.
Woodcock and coworkers used high concentrationst stusorption times
and slow drying steps, while we used low conceioingt longer adsorption
times and fast drying steps. However, both workaatestrate that collagen
adsorption on phase-separated thin films leads teel@avior which is
intermediate compared to the one observed on treegmiymers.

4. Conclusion

A series of PS/IPMMA heterogeneous thin films wasdpced by
phase separation upon spin coating, and four stiage substrates were
identified: substrates with PMMA inclusions in a B@trix and conversely,
substrates with PS inclusions in a PMMA matrix, itgusions being either
under the form of pits or islands, with diametershie submicrometer range.
These surface morphologies can be linked to theentive solubility of the
polymers in each of the solvents and to the vegh nolecular mass of the
used PMMA compared to PS. The organization of geltalayers obtained
by adsorption on the pure polymers was differepedeing on the nature of
the polymer: the layer was quite smooth with asdiemiof a few molecules
on pure PMMA, while bigger assemblies were found pume PS. The
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organization of collagen layers obtained by adsonpbn heterogeneous thin
films was dependent on the size of PS areas. IfRBedomains, either
surrounding or surrounded by the PMMA phase, acz@l600 nm wide, the
surface presents a heterogeneous distribution ltzZfigem in agreement with
observations made on pure polymers. Otherwise,elofigrils than those
observed on pure polymers can be formed. Besides, résults showed that
the detected collagen adsorbed amount was cowmlelgte the PS surface
fraction. As collagen contains recognition sequsrfoe osteoblasts, current
experiments include the culture of such cells an dreated heterogeneous

collagen layers.
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Supporting information material :

NANO-ORGANIZED COLLAGEN LAYERSOBTAINED
BY ADSORPTION ON PHASE- SEPARATED POLYMER
THIN FILMS
Factors affecting the phase structures of the obtained PSPMMA

films:;

The morphology of the obtained PS/PMMA films apgearfall into
two categories: surfaces prepared from toluene eldghiated PMMA phases,
and surfaces prepared from dioxane with PS elevatiegises or no
topography. This difference can be explained byréspective solubility of
the polymers in each of the solvents. Since PSPABIA have similar glass
transition temperatures, the less soluble phasindeed more quickly
depleted of the solvent and turns solid earlierntlthe other phase.
Subsequent evaporation of remaining solvent leads further collapse of
the more soluble phase, which is thus finally leleated than the other
one®® In order to evaluate the affinity of each polyrfr each solvent, the
solubility paramete® of the polymers and solvents can be used, a lower
value of Pyoymer - Osonven| iNdicating a better solubility. By using meanues
for PS fps = 18.3 (MPaf?)* and PMMA @puma = 19.6 (MPaY)% | it
appears that toluenéduene = 18.2 (MPaY?)* has a higher affinity for PS
while dioxane §goxane = 20.5 (MPaY?)*? is a better solvent for PMMA (see
Table S-1, p135), leading to PMMA and PS elevateasps in the case of
toluene and dioxane, respectively, as was alreeplgrted in other worké
¥ In the present study, the height of the elevateatctures is different for
films elaborated from toluene or dioxane (~8 nmtéduene compared to ~2
nm or less in the case of dioxane). The heighlexfated phases depends in
principle on the difference between PS and PMMAIitity in the chosen
solvent. A higher difference of solubility betweboth polymers for the
solvent should indeed lead to a larger height difiee between phases. The
difference between PS and PMMA solubilities is &amin dioxane or in
toluene (seé\solubility in Table 2). The values @bhs and 6pyma Should
however be used with caution, since they can vapedding on the
characteristics of the polymer used. For instative, PMMA used in the
present study has a very high molecular masg {896,000), which may
lower its solubility in both solvents. In that caaenigher height difference is
expected between the PS and PMMA domains formedline compared
to dioxane, in agreement with the observed topduesp

(1) Walheim, S.; Boltau, M.; Mlynek, J.; Krausch,.;GSteiner, U.,
Macromolecules 1997, 30, 4995-5003.
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(2) Brandrup, J.; Immergut, E. H.; Grulke, E. Ralymer handbook. 4th ed.;
Wiley: New York, 1999.

(3) Zuyderhoff, E. M.; Dekeyser, C. M.; Rouxhet,®; Dupont-Gillain, C.
C.,J. Colloid Interface Sci. 2008, 319, 63-71.

Table S-1. Solubility of PS and PMMA in toluerieand dioxan® and summary of surface
fractions of both polymers in the prepared thim§l See text for details.

| - & | Surface fraction PS/PMMA
Solvent Boowmer * Buomen A solubility

PS PMMA 90/10 30/70 5/95
toluene 0.1 1.4 1.3 / ~75/25 ~13/87
dioxane 2.2 0.9 1.3 ~80/20 ~35/65 /

(2) Brandrup, J.; Immergut, E. H.; Grulke, E. Rglymer handbook. 4th ed.;
Wiley: New York, 1999.

Figure S-1. Evolution of the cosine of the water angdg)(of thin films in function of the PS
surface fraction evaluated by XPS (solid line: Gaisdaw). Error bars show the confidence
interval at 95 %.
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Improvement of preosteoblast adhesion
through heterogeneous collagen layers

prepared on PS/PMMA thin (in preparation)

Summary

The aim of this work was to investigate the respsref preosteoblast
cells (MC3T3-E1) on surfaces with chemical patteamsl to study the
impact of an adsorbed collagen layer. These chémpiatierned surfaces
were produced by phase separation in thin filmblehds of polystyrene
(PS), and poly(methyl methacrylate) (PMMA). Heterngous collagen
organized layers were then obtained by collageroratlen on these
heterogeneous PS/PMMA films. The responses of McBI&lls to the
bare PS, PMMA and PS/PMMA films as well as to thasth collagen
organized layers were examined after short cultimes (4h and 6 days).
Positive effects of heterogeneities (in terms dinfisurface chemical
composition and collagen organization) on cell rhoftpgy, developed cell
area and cell density were obserevd. Two main &ff@ere revealed: (i) a
higher cell density is always observed on hetereges films compared to
the corresponding pure polymers (PS or PMMA), ti¢ developed cell
area on heterogeneous films is intermediate betwle®rones observed on
the pure polymers. This work shows that biointeefacnith chemical
heterogeneities or with particular collagen orgatians trigger particular
cell behaviors. It opens new perspectives for biens science and tissue
engineering.
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1. Introduction

The interactions between cells and solid surfages cwucial to
several biological phenomena and to a wide vamétpiomaterials. Since
cells are sensitive to their surroundings, the ggernce of biomaterials
strongly depends on their surface properties wbéshhave a huge influence
on different cell behaviors such as adhesion, femaiion, migration,
differentiation and apoptosts.Surface properties related to chemistry
(compositioR, crystallinity’, chargd) as well as to topography (roughness,
pit or morphologies of surface featut@shave long been recognized as
critical for regulating cell functions. Since cellestin vivo on patterned
interfaces (the extracellular matrix is a highlyustured environment),
biomimetic studies on man-made patterned surfaeee likewise drawn
attention. Investigations have been ma inly focusedhe scale (micro- or
nanopatterning) and on the iso- or anisotropic attar of the patterned
surfaces, with a view to induce specific cell fuoas.

Polymer demixing is a simple method to create tomoigic and/or
chemical surface heterogeneities. Using this tegh®ithe morphology of
the obtained chemical and topographic features,(pibbons, islands or
even no relief) as well as their size (submicromiorometer scale) can be
controlled by adjusting the proportion of the podmand their
concentration, and the chosen solvent. Annealedepbeparated films of
polystyrene / polybromostyrene (PS/PBrS) showedirfase composition
typical of pure PS with a topography composed lainds with a height on
the nanoscale. It was demonstrated that the bahadiofibroblasté,
endothelial cell5and osteoblasts differed depending on the isldmsight
and cell type. Generally, a better cell spreadingd acytoskeleton
organization were observed on surfaces with theestvislands height (13
nm). Likewise, blends of PS and poly(n-butyl metlytate) were used to
produce nano-islands with a closer packing andomaar width. Fibroblasts
were shown to produce more filopodia on small natands (height of 10
nm) and on flat contrd® Poly(l-lactic acid)/PS blends with different
concentration ratio were used to produce chemidadtgrogeneous surfaces
showing either pits or islands on the nanoscaldedbtast adhesion was
shown to be stimulated by heterogeneous surfacesmpa@d to
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homogeneous ones, and this was more pronouncée iprésence of nano-
islands compared to nanopits.

However, the above-cited works did not include mwvestigation of
protein adsorption on the created surfaces. Ceflesidn to synthetic
materials is mediated by extracellular matrix pirtdecalled adhesion
proteins (such as fibronectin, collagen, vitrongatitc), which adsorb on the
materials. The initial cell-material interaction tisus a complex interplay
between surface properties, protein adsorption agdtein type.
Consequently, the effects of a particular pattersuadiace on cell behaviors
are partly due to the state of organization of whéeerlying protein layer.
Most of the works trying to link the state of piioteorganization on
patterned surfaces and the subsequent cell behar®rdedicated to
fibronectirt* *®while only a few studies focused on collagen.

Type | collagen, an adhesion protein from the edtalar matrix, is
frequently used to coat supports farvitro cell culture. This protein has a
semiflexible rod-like shape of approximately 300 mnhength and 1.5 nm in
diameter and has the ability to self-assemble. &hsociation of five
collagen molecules serves as a basis for the fawmaf microfibrils which
can further grow into larger fibers (with a perigty of 67 nm, ranging from
50 nm to 500 nm wide and up to several micron lone spatial
distribution and aggregation states of collagenevaown to strongly affect
cell behavior. The fibril structure of collagen hasd to distinct change in
gene expression and morphological profile. For edapdifferent densities
of collagen fibril can be obtained by using differeubstrate chemistries
or by varying collagen concentration in the solatfioom which the films
were prepared *° In both cases, it was shown that cells were rspread
on collagen films with a lower fibril density. Calien denaturation (by heat
or by use of acidic condition) was also used tatereollagen films without
fibrillar structure. In the case of vascular smootiuscle cell and
pulmonary stem ceff§ the area of cells on denatured collagen films was
significantly larger than that of cells on thimfi$ of native fibrillar collagen.
On the contrary, in the case of myoblast c&lis,more stellate morphology
was developed and the spreading and proliferatierewaster on native
collagen compared to cells on denatured collades fiFurthermore, the use
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of discontinuous collagen films prepared by adsomptfollowed by
dewetting improved cell spreading and cytoskelaeigganization compared
to native continuous layet$.?? Until now, to our knowledge, only one work
investigated the organization of collagen layerchamical patterns in order
to link its subsequent effect to cell behavioridlet al.” studied the effect
of substrates of varying surface energy by usingumes of OH- and CH
terminated thiols on vascular smooth muscle cetispmology. Their results
showed that the formation of large fibrils did ramtcur on the hydrophilic
surfaces and mentioned a water contact angle diff8° below which large
fibril assembly would not form. Cellular morphologxperiment on these
substrates showed that substrates covered withgla #énsity of large
collagen fibrils induce a minimally spread non-ffeshtive phenotypé

In a previous study, we showed that the supramt@ecuganization
of type | collagen could be modulated by its adsorpon heterogeneous
polystyrene/poly(methyl methacrylate) (PS/PMMA) yakr thin films. A
correlation between hydrophobicity and the formatad large fibrils was
also highlighted. Larger fibrils were observed dd ¢bmpared to PMMA,
PS being more hydrophobic than PMMA. On PS/PMMANS| which
present intermediate hydrophobicity, we found tkia¢ higher the PS
fraction in surface on the bare film, the larges ftbrils developed on the
film. Additionally, the morphologies of the formesllagen assemblies was
also found to be directed by the size of PS and RPM#mains of the
heterogeneous filnfs.

This study focuses on the responses of preosteaidlis (MC3T3-
E1) to this range of collagen organized layers.dge@rmorphologies as well
as cell areas developed by the cells were exantiggchmunofluorescence
microscopy thanks to three fluorescent dyes (stgirfor cytoskeletons,
nucleus and vinculin). Besides cell morphology| aetivity and cell density
were also investigated. The aim is to evaluate ithpact of collagen
organized layers on cell responses.
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2. Materials and methods2.1. Preparation of collagen
organized layerson thin films of PSPMMA

Collagen organized layers were obtained by adsorpton
heterogeneous substrates produced by phase sepanatithin films of
blends of polystyrene (PS), and poly(methyl metyjiate) (PMMA). The
preparation and characterization of these films thassubject of a previous
study?® The preparation method and characterization teshmsed will be
briefly presented in this section (For details d¢fe tprocedures see
referencé).

2.1.1. Preparation of PSYPMMA thin films

Phase-separated polymer thin films were producedpiy-coating
(speed = 5000 rpm, acceleration = 20,000 rpm/s% t1#0 s) of blends of
PMMA (M, ~ 996,000 g/mol, §125° C ; from Aldrich, USA) and PS (M
~ 230,000 g/mol, M~ 140,000 g/mol; from Merck, Germany) dissolved i
a common solvent (dioxane or toluene) onto a gtaserslip treated with
methacryloxypropyltrimethoxysilane (MOPTMS). To aint substrates
having different morphologies, several polymer 8ohs containing
different PS/PMMA ratios were prepared either ioxdine (90/10 w/w and
30/70 w/w) or in toluene (30/70 w/w and 05/95 w/Whe total polymer
concentration was always 10 g/l. Homogeneous filh$S and PMMA,
prepared in the same conditions from solution Ineoe, were also used as
controls.

2.1.2. Collagen adsorption

Type | Collagen from calf skin was purchased asnagdml solution
from Biochrom AG, UK. Collagen solution at 25 pg/mbs prepared by
dilution in phosphate buffer saline (PBS) (pH 78BS tablets, Invitrogen,
USA). The samples were placed in a multiwell tissukure plate (12-well
plate, one sample per well), 2ml of the collagelutsmn were poured into
each well and the plate was incubated at 37°C far Bhe samples were
then rinsed with PBS without being withdrawn frdme solution.
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2.1.3. Techniques of surface characterization

The surfaces obtained before and after collagemrptisn were
analyzed by X-ray photoelectron spectroscopy (XP&pmic force
microscopy (AFM) and wetting measurements.

Atomic force microscopy

The AFM analyses were performed in air and at raemperature
with a Nanoscope llla multimode apparatus in tagphode. Te tips used
were made of silicon, and had a spring constantpcised between 20 and
80 N/m and a resonance frequency in air betweera@8i2319 kHz (Bruker,
Palaiseau, FranceHeight and phase images were recorded in moderate
tapping andvere processed with the Nanoscope analysis satwar

X-ray photoelectron spectroscopy

The XPS analyses were performed with a Kratos Alisra
spectrometer (Kratos Analytical — Manchester — WQuipped with a
monochromatised aluminium X-ray source. Analysis \parformed in the
hybrid lens mode with the slot aperture, resultingn analysed area of 700
pum x 300 um. The following sequence of spectra vem®rded: survey
spectrum, C 1s, O 1s, N 1s, Si 2p and C 1s agaimeck the stability of
charging potential and the absence of degradafitiheosamples during the
analysis.

To determine the PS surface fraction, f, of thendblpolymer films,
molar concentrations of oxygen and carbon wereutatled using O 1s and
C1s peak areas. If the blend surface was considerethde of patches of PS
and PMMA which are thicker than the analyzed deptie O/C ratio
measured on the blends, (O/G)can be expressed as:

(Oj ~ f ngsp + (1_ f)og)l(\/FI)MA
exp

Clyy FCE2+(L-1)C00

[eq. 1]

exp

exp
where f is the PS surface fractio@,PS and ~'PmvA - are the oxygen

exp

exp
mole fraction andCPS and ~PmvA gre the carbon mole fraction given by
the XPS analysis of pure PS and pure PMMA, respelgti
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Water contact angle measur ements

Static water contact angleg,) were measured at ambient
temperature using the sessile drop method and iraaglysis of the drop
profile. For each sample, the reported value isaherage of the results
obtained on at least 9 droplets.

2.2. Cell experimentson the collagen organized layers

2.2.1. Cdl culture

Osteaoblast-like cells isolated from mice calvadall(line MC3T3-E1
subclone 14, ATTC-CEL-2594), were culturedotMEM (Modified Eagle
Medium, Invitrogen, Belgium) supplemented with 1({%v) fetal bovine
serum (Harlan, Loughborough, UK), 1% sodium pyravdtO0 mM
(Sigma)), and containing 100 U/ml penicillin and0lug/ml streptomycin
(Invitrogen), at 37°C in a fully humidified atmosgie with 5% CQ Cells
were removed from the culture plates by rinsinBS and incubating in a
trypsin-ethylene diamine tetraacetic acid (EDTA)luson (Invitrogen).
After trypsin inactivation with complete medium.etitells were collected
and centrifuged for 6 min at 1000 rpm. The resgliellet was resuspended
in complete medium. Cells were seeded on test ubst sterilized in
ethanol for 30 min prior to cell inoculation, & Q00 cells/welin 24 multi-
wells plates.

2.2.2. Cdl response analysis
Cell morphology

After 4h, 1 day or 6 days of culture, substrateseweashed in PBS.
Adherent cells were fixed with paraformaldehydeusoh in PBS (4% w/v)
for 20 min and permeabilized with 0.05% (v/v) Tnt¥-100 solution. After
blocking with a 1% BSA solution in PBS, cells weneubated with anti-
vinculin antibody solution (1:175) (MAB3574, Millgge). Cells were
washed and reacted with (FITC)-conjugated secondartibody (1:200)
(AP124F, Millipore). To detect actin simultaneoys{¥f RITC)-conjugated
phalloidin (1:400) (FAK100, Millipore) was added ithe secondary
antibody solution. Finally, the substrates werehedsbefore being mounted
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in Vectashield containing DAPI (Vector Laboratori®gterborough, UK) to
also stain the nucleus. Triple-stained cells wdrgeoved using a fluorescent
microscope (Leica DM RA/RXA).

Cell density and cell area

DAPI images were used to evaluate cell density.rdfbee, nucleus
were detected and counted using the “ImageJ” softw@ell areas were
determined based on merged images of the thre@mgai Merged images
were first treated using “ImageJ” to evaluate theltsurface coverage by
cells, which was then divided by the cell densayobtain the average cell
area. Reported cell densities were normalized byct#l density evaluated
on clean glass after 4 h of culture (use as aipesiontrol), which was
included in the experiment. Mean values and confideintervals (95 %
level of confidencegare reported from at least five images per tesstsate.
These statistics were calculated based on oneimgmrwhere each type of
films was repeated 3 times.

Cdll activity evaluation

The alamarBlue assay was used as a measuremeell aietabolic
activity. This assay incorporates a fluorometriovgth indicator based on
detection of metabolic activity. Specifically, trsystem incorporates an
oxidation-reduction indicator that fluoresces inspense to chemical
reduction of growth medium resulting from cell gtbwCells were cultured
for six days. Each day, the culture medium was keydoand the test
substrates were washed with PBS. 1 ml of freshuclnedium with 50 pl
of resazurin-based solution (Sigma, TOX8-1KT) wedeal onto each well.
After 4 h of reaction time, 150 ul of supernataiasviransferred in a 96-well
plate. Fluoresence was read using an excitatioreagth of 544 nm and
an emission wavelength of 590 nm in a microplatelee (SPECTRAmMax
GEMINI XS microplate fluorometer (Molecular DevicdsLC.)). The
fluorescence value corresponding to a blank sangolewhich no cell
adhered was subtracted, and the obtained valugh&asnormalized by the
fluorescence intensity obtained with a positivetoarsubstrate, clean glass
which was included in each experiment. The resdtsespond to the mean
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and standard deviation calculated on the basinefexperiment where each
type of films was repeated three times.

3. Results3.1. Characterization of the films before and after
collagen adsor ption

Four PS/PMMA heterogeneous surfaces were obtaineghase
separation in thin films by varying either the soitv or the polymer ratio of
the polymer solutions. An overview of their surfgm@perties is given in
Figure 1. On the films characterized before coltagdsorption, four distinct
PS surface fractions determined by XPSyddSvere obtained, ranging from
16% to 79%. AFM height images show that these fipnssent a weak
topography: 8 nm in height, 2 nm in height and atilat, for P{ps of 61%
or 16%, 36% and 79%, respectively. The contrasbrosz on the AFM
images in phase mode indicates the location of iRERMMA surface or
subsurface areas. PS areas are indeed revealedrlagegions, with a
smaller phase shift compared to PMMA regions, whagpear in lighter
color. The films presenting 16% and 36% of PS amdenof a PMMA
matrix with PS inclusions in the form of pits ofaisds, respectively. The
films presenting 61% and 79% of PS display a PSrixatith PMMA
inclusions in the form of islands or presenting aygparent topography,
respectively. Static water contact angle of thdsesp-separated films show
intermediate values compared to the pure PMMA a8dilhs, and these
values increase with the PS fraction in surfacendke detailed examination
and discussion of the surface morphology of similians was published
previously?

These four phase-separated films along with the P8 and PMMA
films were then characterized after collagen adgmrpoy AFM in height
mode (Figure 1). The collagen layer appears touite gmooth on PMMA,
with isolated collagen molecules and assemblies f@w molecules, while
the collagen assemblies found on PS seem to beasmdpf several arms
associated together in an anchoring knot. On hg¢seous PS/PMMA
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Before collagen After collagen
adsorption adsorption

Pure PS
from toluene solution
% PSgution 100 % No features
% PSyps 100%
o, 90.2°

90/10 w/w
from dioxane solution
% PSgotution 10 %

% PSyps 79%

o, 85.2°

30/70 w/w
from toluene solution
% PSsotution 30 %

% PSyps 61%

o, 84.7°

30/70 w/w
from dioxane solution
% PSsolution 30%

% PSyps 36%

e, 75.5°

5/95 w/w
from toluene solution
% Pssdution 5%
% PSyps 16 %
o, 74.8°

Pure PMMA
from toluene solution
% PsSqution 0%

% PSyps 0%

o, 70.8°

No features

Figure 1: Characterization of the demixed polymer films befoolagen adsorption (polymer
ratios, solvents, PS fractions in solution &, PS fraction in surface determined by XPS
(PSps), water contact angléy), AFM height images (1.25 x 2.5 um?, z =10 nm) phedse
images (1.25 x 2.5 umz, z = 10°; surrounded byddoie)), and after collagen adsorption
(AFM height images (2.5 x 2.5 umz?, z =30 nm)). Wtsgtale bar represents 1um.
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films, adsorbed collagen organization seem to dépen the polymer
forming the matrix (PS or PMMA) and on the sizetlsd PS domains. On
the films presenting a PMMA matrix with PS inclusso(films with P{ps of
16% and of 36%), the assemblies height appears tentmller and their
length longer compared to those observed on pureTBRiS is probably
because the PS inclusions of these films are t@dl $oallow the formation
of similar fibrils to those obtained on pure PS. Be films presenting a PS
matrix with PMMA inclusions (films with Pgs of 61% and of 79%),
assemblies closer to those observed on pure PSfauand. In these films,
the PS domains are large enough to allow the foomatf pure PS fibrils.

3.2. Cdll behavior on thetested films

MC3T3-E1 osteoblast-like cells were cultured on epl?S and
PMMA films, and on four other heterogeneous film®genting similar
morphologies than those above-characterized. fhdase, a Rgs of 15%,
21%, 64% and 78% was calculated for these fiimslviwill be named as
15%PS, 21%PS, 64%PS and 78%PS, hereafter. MC3T8eH4 were
cultured for 4 h, 1 day and 6 days.

Figure 2 shows the morphologies adopted by thes acall some of
these films and on glass (used as a positive dpntnathout collagen
coating, after 4 h and 6 days of culture. After df lculture, many cells have
already spread on glass while only a few cells vgiimall spreading are
found on the polymer films. More cells were found mure PMMA and on
the 15%PS film. On PS, only a few extremely roundeits, with almost no
indication of cell attachment to the surface, wpresent. After 6 days of
culture, cells nearly reach confluence on glassdawlop a higher area. On
the polymer films, a lot of cells are now obserwedpure PMMA and on
15%PS, with more cells with larger spreading on PMMnd rather
elongated cells on 15%PS. Again, only a few apaptalls were observed
on pure PS. Finally, a small number of cells iseotsd on the 78%PS film,
with an elongated and poorly spread shape.

157



Detailed presentation

Glass

PS

78%

15%

PMMA

Figure 2: Actin (red), vinculin (green) and nucleus (blugising for MC3T3-E1 cells
cultured for 4 h and 6 days, on glass, pure PMM&epPS and on two heterogeneous
polymer films. The substrates were not coated walfagen prior to cell seeding (scale bar =

100 pm).
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Figure 3 presents representative photographs ofnbgphologies
displayed by the cells on the different polymem#l and on glass which
were conditioned by collagen adsorption beforesdelbculation. After 4 h
of culture, the morphologies observed on glass samglar to the ones
observed without collagen conditioning, and celfesgling seems more
important. On PMMA and on 15%PS, the morphologresadso similar but
densities seem higher compared to Figure 2. Inrasnto these films, the
morphologies observed on pure PS and on 78%P Soampletely different
from the ones observed on polymer films in absearfoeollagen. The cells
are here more spread compared to films withoutagel. Cell shape of
78%PS is closer to the one observed on pure P8, heilvever a stronger
elongation. After 6 days of culture, cells mainjoat well-spread rounded-
shape on glass. On pure PMMA and on 15%PS filmgelapread cells with
round shapes are observed along with more cella wibre elongated
shapes. On pure PS and on 78%PS, cells developegagtd shapes with a
less spread cell area.

Cell densities and cell areas were quantified aftér, 1 day and 6
days of culture as shown in Figure 4. After 4 rcolture, cell densities are
much higher on polymer films with collagen coatitigan on those without,
and are generally significantly higher on heteregars PS/PMMA
substrates compared to pure polymer films (Figuke Zhe corresponding
average cell areas are presented in Figure 4Bercase of a pure PMMA,
cell areas are similar with and without collageataws, while in the case of
pure PS, a strong increase is observed in presgincellagen. Cell areas
developed on heterogeneous films are intermedietieden those exhibited
on the pure PS and PMMA films. We then observeeadmwhich seems to
be linked to the PS content in the films: in theecaf collagen coating, the
more the film contains PS, the more the cell iseadr When there is no
collagen coating, the reverse tendency is founter/ days of culture, the
densities obtained on films with or without collageoating are generally
similar. The corresponding cell areas are genetaiijher on films with
collagen coatings, and for both cases, the more RNt film contains,
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Glass

PS

78%

15%

PMMA

Figure 3: Actin (red), vinculin (green) and nucleus (blugising for MC3T3-E1 cells
cultured for 4 h and 6 days on glass, pure PMMAeRS and on two heterogeneous polymer
films. The substrates were coated with collagearpa cell seeding (scale bar = 100 um).
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Figure4: MC3T3-E1 cell density (A) and cell area (B) after,4llday and 6 days of cell
culture on pure PMMA (0%) and PS (100%), and or#fogeneous polymer films (15%,
21%, 64% and 78%). The grey and black bars refsulatrate that were previously treated

with collagen or not, respectively. Error bars mponfidence intervals (95 % level of
confidence). Statistical significance assesse8tbyent-t test is shown as * (p < 0.01) when
compared with PMMA control and # (p < 0.01) whemgpared with PS control.
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the more cells are spread. After 1 day of culttire,observed quantified cell
densities and cell areas seem to be intermediatpa® to 4 h and 6 days of
incubation (note that no data are available fossake without collagen).

Cell metabolic activity on films without collagemating after 1, 3
and 6 days of culture is presented in Figure 5Aerthe first day of culture,
the cell activity is very high on pure PMMA (closethat observed on glass
control, as indicated by the value close to 100%§. deduced from
microscope observations (no cell adhesion), therdéiscence recorded on
pure PS can be considered as a background sigmangofrom cells
developing outside of the sample in the multiwddltg. That fluorescence
value was then considered as a blank which wasasibd from all other
samples. On heterogeneous films, cell activity ighhon films with a
PMMA matrix (15%PS and 21%PS) and very low on filwith a PS matrix
(64%PS and 78%PS). After 3 and 6 days of cell iatioh, cell activity
decreases on all films. Figure 5B presents cellvigcton polymer films
which are coated with collagen prior to cell segdifter 1 day of
incubation, cell activity is very high on pure paigr films and on 15%PS
and 78%PS films, and lower on the 21%PS and 64%mS. fAfter 3 and 6
days of culture, cell activity was generally simila all cases. A lower value
is still reached after 6 days of culture on PS78%.
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8
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80.00 & 80.00
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- L. o
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-20.00

Normalized metabolic activity (%)

Normalized metabolic al

0% 15% 21% 64% 78% 100%
PS fraction in surface (%) PS fraction in surface (%)

Figure5: MC3T3-E1 cell metabolic activity as determined bgrahr blue assay on pure
PMMA, pure PS and on heterogeneous PS/PMMA filrtex df day (white bars), 3 days (grey
bars) and 6 days (black bars) of culture. (A) Filmihout collagen coating prior to cell
inoculation, (B) films conditioned with a collageaating prior to cell inoculation. The errors
bars show the standard deviation (n=3).
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4. Discussion

4.1. MC3T3-E1 osteoblast-like cell line on bare polymer films
(without collagen layer)

Without precoating of collagen, MC3T3-E1 cells wesleown to
attach very poorly on polymer films (either on haeoeous or
heterogeneous films) compared to glass ones. Hvémeiattachment is
weak, we saw it is still possible for cells to het adhere on the surface in
absence of an adhesion protein coating beforeimalibation. This is not
surprising since cells are able to produce thein axdhesion proteins.
Furthermore, culture was realized in a serum carditg medium which
contains proteins, including adhesive ones. Thegmee of serum can also
explain the poor cell adhesion observed on PS filaddbumin, which is
abundant in serum, is a small protein which adsaybgkly. Later, a
competition for adsorption will occur between albimrand other proteins,
which will rather turn in favor of adhesive proteion hydrophilic surfaces,
but in favor of albumin on hydrophobic surfaéédsor this reason, cells
usually do not adhere very well on hydrophobic acef in presence of
serum, since the surface remains mainly coverealbaymin, which does not
provide adhesion signals to the céfig> * 2

Surface wettability is one of the most importandtéas determining
cell adhesion. It was reported in the literaturat tbells adhere well on
moderately wettable surfaces, with a water congagfles of 40° to 60°,
depending on the conditions, cell types, %&t.In the present work, the
elaborated thin polymer films have water contadlarvalues above 70°,
which can explain why cell attachment is so poompared to glass.
However surface wettability is not the sole fadtdluencing cell behavior,
and both roughness and surface chemistry were stomplay an important
role, quite independent of wettabily.*° For example, air-plasma-treated
glass (PTG) and air-plasma treated quartz (PTepted the same surface
wettability but adhesion of osteoblast cells wasadly higher on PTQ
compared to PT&. The cause of the attachment preference for thetzjua
surface chemistry remains unsolved.
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In this work, the elaborated PS/PMMA film surfacesesent
chemical heterogeneities along with a slight toppgic contrast (depth of
pits or height of islands are ~0-8 nm). This topgdic contrast should not
be considered as insignificant since it was cleadynonstrated that cell
adhesion can be influenced by surface featuresma#l s 10 nni' The
influence of topography generated by polymer demngixon cell behavior
was also highlighted. Using PS/PBrS blends andamug a series of films
of homogeneous chemical composition presentingdsiaf different height,
was produced. It was demonstrated that fibroblaitesion and focal
adhesion formation were greater on 13 nm high @dawut lower on 95 nm
high islands, than on planar PS confrélnother study showed that 9 to 29
nm scale (in depth or height) nanopits or nanoddgproduced using PS and
poly(L-lactic acid) (PLLA) phase separation induagreater human foetal
osteoblastic (hFOB) cell adhesion than did flat Rldontrol®> Furthermore,
the cell line was shown to respond differently hege topographies. Rat
calvarial osteoblast ceffswere seen to adhere to all surface in the same
way, while hFOB adhesion and bone cell differentiation were stated
significantly on 11 nm high islands compared ton&bislands or flat PS. It
was suggested that primary cultured rat calvar@iebcells could have
intrinsically less ability of adhesion and prold¢ion and thus minimal
variation with respect to substratum surface chargstics relative to a
readily proliferating hFOB cell lin&.

In our case, after 4 h, we observe a significamiyer cell density on
the heterogeneous films (except for the 78%PS) eoetbto pure polymer,
and a maximum seems to be reached for films priegpatPMMA matrix
(15%PS and 21%PS). This effect seems then to hecontelated with the
chemical heterogeneities of the surfaces as diffecell densities were
observed for the same topographic contrast (etg.dgipth of 8 nm for the
15%PS film and islands height of 8 nm for the 64%iR). Additionally,
cell response in terms of density seems to be dinkghe PMMA content of
the heterogeneous films and is thus not a simpleati combination of
responses observed on pure polymer films. The higlemsity is then
reached on heterogeneous films presenting a highlRNontent (15%PS).
In contrast to cell density, cell spreading appdarbe similar for most of
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films and is lower on PS and 78%PS films. The i@ponse, here, would be
linked to the PS content of the films, the highee PS content, the lower
cells spread.

After 6 days, we observed that cell proliferatioaswstill possible on
these polymer films, even if the initial attachmemas poor. The cell
densities on pure PMMA, and on polymer films withP&MMA matrix
(15%PS and 21%PS films) are significantly highemtithose observed on
pure PS and on films with a PS matrix (64%PS arfdH8 films), and are
actually higher than on the positive control (gJagshe highest density is
again observed on heterogeneous film with a higiviRMontent (15%PS).

4.2. MC3T3-E1 osteoblast-like cell line on polymer films
conditioned with a collagen layer

After 4 h of culture on the substrates treated waitbollagen layer
prior to cell seeding, the MC3T3-E1 adhesion isadie higher than on
substrates without collagen layer, and the dessit@bserved on
heterogeneous films are significantly higher tharttee pure polymer films
and on the positive control (glass). As it was o= on films without
collagen coating, cell density is positively affsattby heterogeneous films,
but, here a clear optimum was not observed. Reggrckll spreading, as
observed on films without collagen coating, cefipenses is also linked to
the PS content of the films, but cell areas arédrigind the shape and trend
are inverted compared to films without collagenticwa Cell spreading is
similar on pure PMMA in absence or presence of llagen coating, but
larger on pure PS after collagen conditioning. Ateimediate behavior is
observed on heterogeneous films. After 6 days, dmikity becomes lower
than that observed on films without collagen caatihe developed cell
areas remain higher on collagen coated films lmisttape and trend are now
similar to those without coating. This inversiontlire trend between 4 h and
6 days to finally be similar to films without coadi would suggest that
collagen layers would not be stable after 6 dayguhure medium and
would reorganize in a layer close to that obseordilms without collagen.
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Cells are continuously synthesizing and excretinggins and other ECM
constituents which can, associated with proteind s@rum conditioning
medium constituents, clearly modify the proteindiapresent on the surface
at the very beginning of the cell culture.

While the average cell area, after 4 h, is similaPS and glass (data
not shown), the developed shapes are very diffefidre cells are flattened
with a nearly rounded shape to semi-rounded onsghasl they are more
stellate on PS films. The cell morphology is indiloa of the function
developed by the cell. Stellate shapes indicateilitgotvhile rounded
flattened cell with clear developed focal contagiplies proliferation.
Consequently, cells developing a stellate shape ndb easily reach
confluence” ** Here on PS, cells have indeed not reached comfétugat
after 6 days of culture while in the case of glaghout collagen coating, the
confluence is nearly reached. This could be expthiby an inhibition of
proliferation induced by the underlying collagerttpan. After 6 days, we
can also observe that several cells are widelyasbvéth a rounded shape,
developing clear focal contacts (as seen on theulim staining) on pure
PMMA and 15%PS films. This means that cells would teady to
proliferate on those substrates.

Collagen organization certainly influences cell ptawlogy, density
and spreading either by modifying the exposuregainds available for cells
or by offering different mechanical environment foglls. In a previous
study, it was shown that large fibrils as well adlagen monomers or
smaller assemblies induced cell attachment to tbstsate by means of the
same integrinsoflfl and a2p1)3* However, the activity of other cell
receptors for collagen, including the discoidineggor, was only detected on
fibrillar collagen® Moreover, it has been shown that different typés o
collagen organization (fibrilss monomers) generated layers with different
mechanical properties: on PMMA, the collagen layesuld be more
compact, less compressible, and more mechanicedlistant than on PS,
where collagen appeared to form a stable but figiible matrix*® Both
explanations, or their combination, could poteftiaéxplain why cell
behaviors strongly vary with collagen organization.
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5. Conclusion

The impact of bare and collagen-coated PS/PMMA Hilon cell
behavior, after short culture times (4 h and 6 JHay&gs investigated.
Collagen adsorption prior to cell inoculation wasown to affect cell
behavior mainly after 4 h. A longer culture time déys) would induce a
reorganization of the protein layer, which wouldddo protein layers giving
similar cues to the cells in absence or presenceotdagen precoating.
Moreover, two other effects were revealed, botlabisence or presence of
collagen precoating and whatever the culture damatrirst, the developed
cell area on heterogeneous films is a linear dowmtion of the behaviors
observed on the pure polymers. Cell areas wereyalWigher on collagen-
coated homogeneous films (on PS after 4 h and oMRMfter 6 days).
Secondly, cell density is positively affected bye theterogeneity of the
surface, a higher cell density being observed oterbgeneous films
compared to the corresponding pure polymers. Thleest cell density was
always obtained on heterogeneous films (any PS/PMili#s with collagen
after 4 h and on 15%PS and 21%PS without colladgem & days). This
work emphasizes the importance of the study of rb@sb proteins on
chemically heterogeneous surfaces. Their orgaoizasgi here identified as a
crucial factor, which could be controlled by thedarlying surface chemical
composition. These results also suggest that MET 8ells are sensitive to
heterogeneities (in term of surface chemical cortipos and collagen
organization). It is then tempting to speculate thase cells may also rely
on this kind of stimuli for differentiation. The allenge now is to investigate
longer term responses such as cell differentiatéanyvell as responses of
other osteoblast cell lines on these types of cues.
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Appendix 1

A rough morphology of the adsorbed
fibronectin layers favors adhesion of

neuronal cells

Summary

range of substrates made of polystyrene (PS) arg(npethyl
methacrylate)—poly(methacrylic  acid) copolymer (PKMMPMAA)
containing 98 and 80% PMMA (PA98, PA80) and presgnta
homogeneous or a patterned surface were used tly dtbronectin
adsorption and neuronal cell behavior. Fibroneatisorption showed weak
differences regarding the adsorbed amount (evalubyeXPS), but large
differences in adsorbed layer morphology as obseitwe AFM. A fine
granular morphology, with dimensions up to 8 nmgheiand 50-150 nm
width, was observed on top of a thin adsorbed layéne case of PS, PA9S,
and of a surface made of nanoscale inclusionseofatier in PS. In contrast,
the layer adsorbed on PA80, which carries morezasie groups, showed a
higher roughness on the PA8B0 zones with differenctdgight up to 30 nm
and characteristic lateral dimensions of 400 nmsQlstrates of the former
category, the cells formed large clusters, revgghoor interactions with the
substrate. On PA80, the cells formed large netwuaiikis only a few small
clusters. The adsorbed layer roughness, resultiogh faggregation of
fibronectin upon adsorption and from the substrateface chemical
composition, is responsible for neuronal cell sgiegand growth. Its effect
is not prevented by the presence of inclusions ¥«36f the surface)
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responsible for smoother areas of adsorbed fibtonead for protrusions
below 40 nm.
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Abstract: A range of substrates made of polystyrene (PS)
and poly(methyl methacrylate)-poly(methacrylic acid) co-
polymer (PMMA-PMAA) containing 98 and 80% PMMA
(PA98, PA80) and presenting a homogeneous or a pat-
terned surface were used to study fibronectin adsorption
and neuronal cell behavior. Fibronectin adsorption showed
weak differences regarding the adsorbed amount (eval-
uated by XPS), but large differences in adsorbed layer
morphology as observed by AFM. A fine granular mor-
phology, with dimensions up to 8 nm height and 50-150 nm
width, was observed on top of a thin adsorbed layer in the
case of PS, PA98, and of a surface made of nanoscale
inclusions of the latter in PS. In contrast, the layer
adsorbed on PAS80, which carries more ionizable groups,
showed a higher roughness on the PA80 zones with differ-

ences in height up to 30 nm and characteristic lateral
dimensions of 400 nm. On substrates of the former category,
the cells formed large clusters, revealing poor interactions
with the substrate. On PAS80, the cells formed large networks
with only a few small clusters. The adsorbed layer roughness,
resulting from aggregation of fibronectin upon adsorption
and from the substrate surface chemical composition, is re-
sponsible for neuronal cell spreading and growth. Its effect is
not prevented by the presence of inclusions (< 30% of the sur-
face) responsible for smoother areas of adsorbed fibronectin
and for protrusions below 40 nm. © 2007 Wiley Periodicals,
Inc. ] Biomed Mater Res 87A: 116-128, 2008

Key words: fibronectin; protein adsorption; neuronal cells;
cell adhesion; patterned surfaces

INTRODUCTION

Protein adsorption is one of the first events to
occur when a foreign surface comes into contact
with biological systems.' Certain proteins, frequently
called adhesion proteins, can direct cell attachment,
spreading, proliferation, orientation, migration, and
differentiation when present at the substrate surface.
Chemical or topographical trails on the substrate or
heterogeneities in the protein layer itself are used to
direct the cell behavior.? At the supracellular scale,
selective adsorption of proteins (fibronectin or colla-
gen) on lanes of oxidized polystyrene caused selec-
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tive adhesion of Schwann cells, PC 12 cells and
hepatocytes.” Grooved poly(methyl methacrylate)
(PMMA) preconditioned with collagen caused the
orientation of fibroblasts along the grooves.* On pat-
terns made by combining topography and chemical
contrast, neurites aligned preferentially on vitronec-
tin tracks perpendicular to shallow grooves (50 nm),
but aligned increasingly along grooves with increas-
ing depth (up to 6 um).> At the cellular scale, adhe-
sive patterns of different sizes were created in a non-
adhesive matrix. Apoptosis was reduced with in-
creasing diameter of fibronectin-coated islands.
However, for very small islands (5 um diameter), the
cells were able to grow by creating specific interac-
tions with several islands.® At the nanometer scale,
the influence of the heterogeneity created in a
collagen layer was studied on endothelial cells: dis-
continuous collagen networks clearly enhanced cell
spreading and cytoskeleton organization.”®

Proteins may undergo changes in conformation
upon adsorption.>” Fibronectin attaches with a
higher affinity to hydrophobic surfaces, and is much
more firmly adsorbed.'® By using antibodies against
fibronectin, it was shown'''? that the conformation
after adsorption was influenced by substrate surface
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hydrophobicity and that the absence of antibody
binding was related to the lack of cell attachment.
Cell culture experiments showed selective adhe-
sion'"™* or differentiation'® on fibronectin-coated
hydrophilic surfaces. A study'® was realized on poly-
sulfone surfaces fabricated with different poly(ethyl-
ene glycol) densities, resulting in different water
contact angles. After fibronectin conditioning, fibro-
blasts showed enhanced adhesion and spreading,
well expressed focal adhesion and reorganization of
the fibronectin layer on surfaces with intermediate
contact angles (comprised between 50° and 70°).

A simple method to obtain topographic and/or
chemical surface heterogeneity is polymer demix-
ing."” Using this technique, different surface mor-
phologies can be obtained."®?' The size (50 nm-
2 pm wide, 1-50 nm high)** and shape of surface
features (pits, hills, or even no relief)*?* are modu-
lated by carefully choosing the polymers and the
conditions used. By demixing of polystyrene (PS)
and poly(4-bromostyrene), surfaces were produced
with hills of a controlled height (13, 35, and 95 nm)
and a homogeneous composition consisting of PS af-
ter annealin%. The behavior of endothelial cells,25
fibroblasts,***” and osteoblasts*®** differed depend-
ing on the hill height and the cell type. Generally, a
better cell spreading and cytoskeleton organization
was observed on surfaces with the lowest hill height
(13 nm height). Fibroblasts grown on a surface pro-
duced by poly(n-butyl methacrylate)-PS demixing
also attached, spread, and developed better on the
smooth control and on the surface with the smaller
hills (10 nm, compared with 50 nm).>° A comparison
of hills and pits made on surfaces produced by
varying the poly(i-lactic acid)/PS ratio® showed a
stimulation of osteoblast adhesion on nanotextured
surfaces, which was more distinct for nanohills, rela-
tive to nanopits. Fibroblasts grown on PS-PMMA,
differing in hill dimensions, spread more on surfaces
with smaller lateral dimensions and on smooth sur-
faces.”” However, protein adsorption was not investi-
gated on these surfaces.

Directing the growth of neurons would permit a
better understanding of neurite formation and of
interactions with the ECM (extracellular matrix) pro-
teins, and would facilitate the study of neuron prop-
erties such as cell-cell communication and electrical
activity.”>* In the field of nerve repair, a better con-
trol of neuronal growth could lead to improved im-
plantation of “biomaterial bridging surfaces” with
immobilized ECM proteins.>* Fibronectin is a widely
expressed ECM component that may regulate cell
migration, neurite outgrowth, and possibly cell pro-
liferation during development, but also nerve regen-
eration after injury.”

The present work concerns the study of cell
behavior on demixed polymer surfaces with

adsorbed fibronectin. Copolymers containing poly
(methacrylic acid) (PMAA) were chosen in order to
facilitate chemical grafting in later works. Spin-coat-
ing of a random copolymer PMMA-PMAA (98%
PMMA) on a PS substrate gave a flat surface with
PMMA-PMAA inclusions in a PS surface.”® Spin-
coating of a blend of PS and PMMA-PMAA (80%
PMMA) on an inert substrate gave islands of PS in a
PMMA-PMAA surface.”* These two heterogeneous
surfaces, with the more hydrophobic polymer cover-
ing the largest or the smallest portion of the surface,
are examined regarding fibronectin adsorption, and
compared with the corresponding flat homogeneous
surfaces. Finally, the behavior of mouse cortical neu-
rons is studied on both heterogeneous and homoge-
neous surfaces.

MATERIALS AND METHODS

Substrate preparation

The substrate preparation was described in detail else-
where*** and is summarized here. Two different types of
supports (diameter 12 mm) were used for spin-coating: PS
disks (PSf) punched from a PS film (Goodfellow, UK) and
disks of PMMA punched from homemade films of PMMA
(M, = 996,000, Aldrich), with a high molar mass in order
to avoid dissolution during spin-coating. Before use, the
disks were cleaned by sonication in isopropanol (PSy) or in
water (PMMA). Substrates were prepared by spin-coating
40 pL of a given polymer solution (40 s, acceleration 20,000
rpm/s, speed 5000 rpm) on a given support as follows:
PA98/PS, spin-coating a PS¢ disk with a 10 g/L PMMA-
PMAA (98% PMMA; random copolymer, M,, = 34,000,
Aldrich) solution in chlorobenzene; PA98, spin-coating a
PMMA disk with a solution of 10 g/L of PMMA-PMAA
(98% PMMA) in chlorobenzene; PS-PA80, spin-coating a
PMMA disk with a solution of 3 g/L PS (M,, = 230,000,
Merck, Germany) and 7 g/L PMMA-PMAA (80% PMMA;
random copolymer, M,, of about 106, Polysciences) in diox-
ane; PA80, spin-coating a PMMA disk with a solution of
10 mg/mL PMMA-PMAA (80% PMMA) in dioxane; PS,,
spin-coating a PMMA disk with a solution of 10 mg/mL
PS in dioxane.

Fibronectin adsorption

Procedure

Lyophilized fibronectin from bovine plasma was pur-
chased from Invitrogen (USA). The powder was dissolved
in 1 mL Milli-Q water (Millipore, Molsheim, France) in
order to achieve a concentration of 1 mg/mL. This stock
solution was aliquoted and stored at —20°C. The solutions
were prepared just before use by dilution of the stock solu-
tion using PBS (phosphate buffered saline at pH 7.2). The
substrates were placed in a multiwell plate (1 sample per
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well), 1.8 mL of the fibronectin solution was added in each
well, and the plate was incubated at 37°C for 24 h. The
samples were washed five times using the following pro-
cedure: 0.8 mL of the solution was removed, 3 mL Milli-Q
water was added, the plate was placed under agitation for
5 min; for the subsequent washes, 3 mL solution was
removed and replaced by 3 mL Milli-Q water. The sam-
ples were then dried under nitrogen flow.

Characterization

The samples were imaged by Atomic Force Microscopy
(Nanoscope III, Digital instruments, Santa Barbara) at
room temperature, in contact mode for the polymer sam-
ples and in tapping mode for the samples conditioned
with fibronectin. For the contact mode, realized under
Milli-Q water, the tip used was made of SizNy, had a typi-
cal spring constant of 0.01 N/m and a typical radius of
curvature of 20 nm (Park Scientific Instruments, Mountain
View). The scan rate was about 5 Hz and the applied force
was the minimal value allowing to keep the contact
between tip and sample. At least four images in height
mode (trace and retrace) were recorded per sample. For
the tapping mode, realized in air, the tip used was made
of silicon, and it had a spring constant comprised between
20 and 80 N/m and a resonance frequency in air between
230 and 410 kHz (Park Scientific Instruments, Mountain
View). The images were acquired at a scanning rate of
about 1 Hz. Two randomly chosen zones were imaged per
sample and for each zone a height image (trace) and a
phase image (retrace) were recorded. All obtained images
were processed with the Nanoscope software, using either
flattening or plane fit according to the relief characteristics,
with the minimal polynomial order needed.

XPS analyses were performed using a Kratos Axis
Ultra spectrometer (Kratos Analytical, Manchester, UK)
equipped with a monochromatized aluminum X-ray
source (powered at 10 mA and 15 kV). The samples were
fixed on a stainless steel multispecimen holder by using
double-sided insulating tape. The pressure in the analysis
chamber was about 10~ Pa. The angle between the nor-
mal to the sample surface and the direction of photoelec-
tron collection was 0°. Analysis was performed in the
hybrid lens mode with the slot aperture, the resulting ana-
lyzed area being 700 pm X 300 pm. The pass energy was
set at 160 eV for the wide scan and 40 eV for narrow
scans. In the latter conditions, the full width at half maxi-
mum (FWHM) of the Agsqs,2 peak of a standard silver
sample was about 0.9 eV. Charge stabilization was
achieved by using the Kratos Axis device. The following
sequence of spectra was recorded: survey spectrum, Ci,
O1s, Nyg, and Cy4 again to check for charge stability as a
function of time and the absence of degradation of the
sample during the analyses. The C—(C,H) component of
the C;5 peak of carbon was fixed to 284.8 eV to set the
binding energy scale. Molar concentration ratios were cal-
culated using peak areas normalized on the basis of acqui-
sition parameters after a linear background subtraction,
and experimental sensitivity factors and transmission fac-
tors provided by the manufacturer. The results were
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expressed in element mole fractions, excluding hydrogen
which is not detected by XPS.

Cell culture

Cell preparation

All animal housing and procedures were performed in
compliance with guidelines established by the University
Committee of Animal Resources at the University of Roch-
ester. Under a dissecting scope, the brain of an E15 mouse
embryo was harvested, from which the cortices were iso-
lated, meninges removed and clean cortices then placed in
a conical tube containing cold HBSS (Hank’s Balanced Salt
Solution, modified without Calcium and Magnesium,
Gibco). HBSS was removed and replaced with 2 mL of
pre-warmed 0.25% trypsin-EDTA (0.25% Trypsin, 1 mM
EDTA in HBSS without calcium and magnesium, Gibco).
The tube was placed at room temperature and gently
agitated every 5 min for up to 20 min. Then the trypsin so-
lution was removed and cold MEM (Minimum Essential
Medium, Gibco) was added. The cortices were allowed to
sit in MEM at room temperature for 5 min; this exchange
was repeated three times. The plating medium was pre-
pared as follows: 100 mL Neurobasal Medium (Gibco),
1 mL r-glutamic acid (2.5 mM, Sigma), 250 pL L-glutamine
(200 mM, Sigma), 2 mL B-27 supplement (Gibco). 20 mL of
plating medium was added and the cortices were tritu-
rated until most of the tissue was dissociated. The conical
tube was allowed to sit for 5 min, then the sediment was
removed. The cells were counted and the suspension was
diluted with plating medium in order to obtain a concen-
tration of 5 X 10* cells/well.

Adhesion tests

A solution of poly(ethyleneimine) (PEI) was prepared
by diluting 1 mL of PEI (Sigma, 50% w/v in water) in
500 mL borate buffer (pH 8.5). This solution was filtered
into a sterile bottle and 0.4 mL was introduced in each
well of a 24-well sterile plate (Corning). After one night in
the dark, the PEI solution was removed and the wells
were washed three times with 1 mL sterile Milli-Q water,
the third wash lasting for 10 min. The plates were allowed
to dry overnight. PEI coating of the wells was used in
order to avoid migration of the cells from wells to sam-
ples, hence increasing excessively the cell concentration on
the samples.

The substrates (each disk cut into four pieces) were
sterilized in pure ethanol for 30 min in multiwell plates.
After ethanol removal, the samples were allowed to dry in
the open air. The substrates were conditioned as described
for fibronectin adsorption except that the fibronectin solu-
tion was prepared with sterile PBS (Invitrogen). After the
five washes, they were placed in PEI-coated multiwell
plates, then about 1 mL of Neurobasal Medium (Gibco)
was added and the plate was warmed up at 37°C. Once
the cell suspension was ready, the Neurobasal Medium
was removed and 0.8 mL of the cell suspension was added
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TABLE I
Characteristics of the Homogeneous Substrates Before and After Fibronectin Adsorption
PS; PA9S PS. PASO
Before fibronectin adsorption
(O/C) x 100 0.2 33 1.1 33.8
Water contact angle (°) [standard deviation] 89.0 [0.9] 71.0 [0.6] 85.0 [2.9] 65.5 [1.5]
Rypms (nm) 17 0.8 1.8 23
With adsorbed fibronectin
Rypms (nm) 27 14 15 59
Dimension of relief features (nm)
Lateral 50-150 50-150 50-150 300-500
Vertical <8 <8 <8 <30
per well. The plates were incubated at 37°C for 5 days in RESULTS

an incubator with 7% CO,.

After 5 days, the cells were fixed by replacing the cul-
ture medium with a 4% paraformaldehyde solution (PFA,
Mallinckrodt Baker Inc.). After 30 min at 4°C, the PFA so-
lution was removed and the samples were stored in PBS
at 4°C.

Immunostaining

The cells were permeabilized with three washes of
10 min with a 0.1% Triton-X solution in PBS. The blocking
step was realized by incubating the samples in a 5% non-
fat dried milk, 0.05% Triton-X solution in PBS. The cells
were then incubated in the blocking solution with a pri-
mary antibody, anti-B tubulin (Sigma, mouse IgG2b), or
anti-integrin B1 (Chemicon, rat IgG2a) at a dilution of
1:2000. The samples were then washed three times 10 min
with a 0.05% Triton-X solution in PBS. The samples were
incubated for 45 min in the dark in the blocking solution
with a secondary antibody: anti-mouse 488 or anti-rat 594
(Alexa Fluor from Invitrogen), at a dilution of 1:2000.
Finally the samples were washed again three times 10 min
with a 0.05% Triton-X solution in PBS. In the second wash,
a 1:1000 Hoechst solution (Sigma, 5 mM in water) was
added in order to stain the cell nucleus. For microscopy,
the samples were mounted in Mowiol on a glass slide,
covered with a glass coverslip, and sealed with nailpolish.
The Mowiol solution was made with 6 g glycerol (J.T.
Baker), 2.4 g Mowiol (Polyscience), 6 mL Milli-Q water,
and 12 mL 0.2M Tris buffer (pH 8.5). The mounted sam-
ples can be stored at —20°C for several months. They were
observed under a fluorescence microscope (Olympus AH-2
microscope) linked to an image processing computer.

Metabolism measurements

The Alamar Blue assay was used in order to determine
the cell activity, which can be related to the amount of liv-
ing cells. After 5 days of culture, the Alamar Blue reagent
(Biosource) was added to the culture medium at a concen-
tration of 1:10. After 7, 23, and 28 h, 100 uL of the solution
was removed and placed in a multiwell plate for fluores-
cence counting. The emitted fluorescence was measured at
590 nm with excitation at 510 nm.

Substrate conditioning by fibronectin

The chemical and morphological characteristics
of the homogeneous substrates are presented in Ta-
ble 1.2%* PS; and PS, are very similar, with an O/C
ratio measured by XPS close to 0, a water contact
angle close to 90° and a rms roughness equal to 1.7-
1.8 nm. PA98 and PAS80 present higher oxygen sur-
face concentrations and a lower water contact angle.
These two substrates are similar regarding surface
elemental composition and water contact angle; their
surface roughness is slightly lower (PA98) and
slightly higher (PA80), compared with PS¢ and PS,.
To reveal differences of chemical functions between
substrates, XPS spectra of PA80, PA98, and PMMA
spin-coated following the same procedure were
recorded after immersion during 1 h in 10"°M KOH
followed or not by rinsing during 10 min in water.
For PMMA and PA98, no potassium and no change
in the shape of C;5 and Oy, peaks were detected as a
result of immersion in KOH solution. As compared
with the native state, PA80 submitted to KOH was
characterized by the presence of potassium (K/O =
0.04 and 0.15 with and without rinsing, respectively),
the presence of an Oy, peak component at 530.8 eV
typical of carboxylate (fraction of the Oy peak equal
to 0.09 and 0.25 with and without rinsing, respec-
tively), and the presence of a C;s component near
288 eV typical of carboxylate. These consistent data,
particularly the observation of about 1 potassium ion
for 2 oxygen atoms of carboxylate nature, indicate
that carboxyl-carboxylate functions are exposed at
the surface of PA80, while they are not detected at
the surface of PA9S.

Fibronectin adsorption isotherms were obtained
on the different surfaces in order to determine the
concentration to be used. Solution concentrations
from 1 to 50 pg/mL were used and the amount of
adsorbed fibronectin was evaluated by the nitrogen
concentration determined by XPS. The N mole fraction
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Figure 1. Nitrogen surface concentration determined by XPS on (a) PS¢ ([J), PA98 (O) and PA98/PS (#); and (b) PS,
(53), PA80 (A) and PS-PAS80 (W) after 24 h fibronectin adsorption from solutions at different concentrations.

increased strongly when the fibronectin concentra-
tion rose to about 10 pg/mL and did not increase
much at higher concentrations (Fig. 1). In the follow-
ing experiments, protein adsorption was performed
using a solution concentration at the quasi-plateau of
adsorption. There was no major difference observed
from one kind of substrate to another.

Figure 2 presents AFM images of surfaces before
and after fibronectin adsorption (50 pg/mL solution):
homogeneous PS film (PSf;), PMMA-PMAA spin-
coated on PMMA (PA98), and heterogeneous surface
obtained after spin-coating PMMA-PMAA on PS
(PA98/PS). Cross-sections show that PS; presents a
large lateral scale relief (lateral size of the order of

PA98 PA98/PS
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Figure 2. AFM images (5 X 5 pm?) and associated cross-sections of surfaces of PS;, PA98, and PA98/PS (a) before and
(b) after fibronectin (Fn) adsorption from a 50 pg/mL solution. The z gray scale is 10 nm.
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Figure 3. AFM images (1 X 1 um?®) of surfaces of PS; and PA98/PS before and after fibronectin (Fn) adsorption from a
50 pg/mL solution, with cross-sections at the location indicated in the images. The z gray scale is 15 nm.

1 pm) and that fibronectin adsorption adds a fine
roughness. This is revealed by the increase of the
Rims measured on the AFM images (Table I). The
morphology of the fibronectin layer adsorbed on PS¢
cannot easily be observed on the 5 pm images
because of the polymer surface relief itself. The dif-
ference resulting from adsorption is more visible on
the 1 pm images and the sections presented in Fig-
ure 3. After fibronectin adsorption, relief features
with a height below 8 nm are superimposed to the
morphology of PS¢ Their apparent lateral size is in
the range of 50-150 nm. The PA98 surface (Fig. 2) is
very smooth. After fibronectin adsorption, particles
are regularly distributed on the surface, with dimen-
sions of 3-6 nm height and 50-150 nm width, and
Rims increases slightly (Table I). The PA98/PS sur-
face (Fig. 2) presents inclusions of one phase in
another phase. Chlorobenzene, the solvent used for
spin-coating PMMA-PMAA 98-02, is also a solvent
of the PS substrate and causes its dissolution during
spin-coating. Polymer demixing when the solvent
evaporates leads to a nearly flat surface, with a PS ma-
trix forming characteristic rings around the PMMA-
PMAA inclusions.” After fibronectin adsorption,
the surface of acrylic copolymer inclusions appears
to be below the surrounding surface. The fibronectin
behavior on the heterogeneous PA98/PS surface
can be observed in details in Figure 3. The images
and the cross-sections show that adsorbed fibronec-
tin forms many granular structures (up to 8 nm
high and 50-150 nm wide) on the PMMA-PMAA
inclusions, while the adsorbed layer is smoother

on the PS background. This is similar to observations
made on the homologous homogeneous surfaces.
Figure 4 presents AFM images of the other surfa-
ces: PS spin-coated on a PMMA film (PSs), PMMA-
PMAA copolymer spin-coated on a PMMA film
(PA80), and heterogeneous surface obtained after
spin-coating a blend of PS and PMMA-PMAA on a
PMMA film (PS-PA80). The PS, is quite smooth,
with a few holes spread over the surface. After
adsorption, the fibronectin seems to cover the holes
while a few positive relief features are observed in
the cross-sections; R,s decreases slightly (Table I).
The homogeneous PAS80 surface contains holes
spread all over the surface. After fibronectin adsorp-
tion, this surface presents a large-scale relief, with
characteristic lateral dimensions in the range of 300—
500 nm and differences in height up to 30 nm, but
granules are not identified, in contrast with PA98.
Finally, the PS-PA80 heterogeneous surface presents
a topography with islands. Solvent evaporation dur-
ing spin-coating induced phase separation, the less
concentrated PS forming islands in the PMMA-
PMAA, owing to the lower solubility of PS in the
solvent used (dioxane).** The cross-sections pre-
sented in Figure 5 allow the adsorbed layer mor-
phology to be observed in details. Whereas the
islands and the baseline are extremely smooth before
protein adsorption, the surface becomes much
rougher after fibronectin adsorption. Two observa-
tions can be made: (i) fibronectin seems to accumu-
late at the edges of the islands, and (ii) besides the
edges, fibronectin forms a much smoother layer on
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Figure 4. AFM images (5 X 5 pum?) and associated cross-sections of surfaces of PS,, PA80, and PS-PA80 (a) before and (b)
after fibronectin (Fn) adsorption from a 50 pug/mL solution (except PS-PA80, 30 ug/mL). The z gray scale is 50 nm.

the PS islands (differences in height below 8 nm)
than on the PMMA-PMAA surface (differences in
height up to 30 nm). Except the edge effect, the
observations are again very similar to those made on
the homologous homogeneous surfaces.

Mouse cortical cell cultures

The substrates were conditioned by fibronectin
adsorption from a 30 pg/mL solution and used in
cell adhesion tests. Figure 6 presents representative
pictures obtained in a first set of experiments, show-
ing whole cells (ac, staining for B-tubulin) and
nuclei (b,d, Hoechst staining). For the first group, i.e.
PS¢, PA98, and PA98/PS, large clusters were found,
with some processes (outward projections). The num-
ber of cells per cluster, evaluated on images stained
for the nucleus, was comprised between 15 and 50.
For the second group of surfaces (PA80 and PS-
PAS80), large networks were observed with many
processes over the surface. A few aggregates were
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present, with a size not exceeding 5-10 cells. Stain-
ing for integrin B1 was also realized and showed a
co-localization with the B-tubulin. Note that no focal
contacts are found on neuronal cells, which rather
exhibit point contacts consisting in smaller integrin
aggregates without any characteristic shape.*
Quantitative approaches were used in order to
possibly discriminate the substrates regarding the
cell behavior. The density of adhering cells was
determined. The density of cells that were alive
before fixation was also evaluated on images
obtained by Hoechst staining: a dead cell has a very
small and bright nucleus, while a living cell has a
larger and unevenly stained nucleus. These results
were not accurate since certain cells were washed
during fixation and staining. However, the number
of living cells was proportional to the total number
of cells (results not shown). The cell activity was
evaluated by Alamar Blue measurements before fixa-
tion, after 5 days in culture, but the results (not
shown) were similar for all the substrates. Although
the two classes of surfaces differed according to the
formation of a net of processes, they did not differ
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Figure 5. AFM images (5 X 5 pum?) of surfaces of PS-
PAS80 before and after fibronectin (Fn) adsorption from a
30 pg/mL solution, with cross-sections at the locations
indicated in the images. The z gray scale is 50 nm.

significantly regarding the average length of pro-
cesses. Signs of poor adhesion are clumping of neu-
ronal cell bodies and fasciculation of processes.””
Thus cell clustering (number of cells per cluster) was
tentatively used to discriminate the surfaces. The ra-
tio of cells in clusters over the total cell number is
presented in Figure 7. The replicates refer to differ-
ent substrate specimens in the first set of experi-
ments. Two groups can be distinguished: on the one
hand, PS, PA98, and PA98/PS, where most of the
cells are in clusters (about 70%, except on PA9S,
where this ratio is lower), and on the other hand,
PA80 and PS-PA80, on which only 10-20% of the
cells are found in clusters.

The results of the first set of experiments were
ranked according to the proportion of cells in aggre-
gated form (majority of aggregated cells or majority
of individual cells), and the cluster size (small, me-
dium, or large corresponding to <10, 10-30, or >30
cells/cluster). The results are presented in Table II
(set 1). Their significance was further established by
other experiments involving a more rapid evaluation
that was designed to avoid bias regarding cell cul-
ture or substrate preparation. In set 2, two randomly
chosen pictures, representing 1% of the sample sur-
face, were examined and evaluated by eye according
to the same criteria. In set 3, pictures were taken sys-
tematically at four places of the sample using a

lower magnification, in order to cover about 8% of
the sample surface. The edges of the samples were
avoided as they could have been damaged during
sample manipulation. The polymer samples for the
three culture experiments were prepared at the same
time, except set 3B, for which new samples were
prepared and PS¢ was replaced by PS;. Table II
shows a constant distinction between two groups of
samples; moreover the proportion of cells in aggre-
gated form was correlated with the cluster size. On
the samples containing PA80 (PA80 and PS-PAS80),
the majority of the cells were individual and the
clusters formed were small. On the other samples
(PS¢, PA98, PA98/PS, and PS;), the cells were mainly
found in an aggregated state and large clusters were
formed.

DISCUSSION

Substrate conditioning by fibronectin

On PS¢ and PS, (Figs. 2 and 4), fibronectin forms a
rather smooth layer, with relief features below 5 nm
height and a width comprised between 50 and
80 nm. Knowing that fibronectin is a fibrilar protein
with dimensions of about 6 X 6 X 60 nm3, it may be
concluded that the relief thickness corresponds to
about a single layer of slightly flattened molecules.
According to the ratio between the thickness and the
AFM probe radius (about 5-10 nm) and to the appa-
rent lateral size, the latter is not much larger than
the real lateral size. After fibronectin adsorption, the
PA98 surface presents surface features similar to PS
with some granules which are thicker and better
resolved. The surface morphology obtained on
PA98/PS (Figs. 2 and 3) confirms that fibronectin
adsorption tends to produce a more regular layer on
PS and a more granular structure on PA98. In con-
trast fibronectin adsorbed on PA80 forms thicker
(about 20 nm) and broader relief features, as
observed both on the homogeneous PAS80 surface
and on PS-PAS80 (Figs. 4 and 5).

The nitrogen molar fraction given by XPS does not
significantly differ between the different surfaces.
However, as the substrate surfaces have a different
chemical composition, a comparison must be based
on a more detailed analysis of the results. The N/C
molar concentration ratio given by XPS may be com-
pared with ratios computed using models of the
adsorbed layers in which y and (1 — v) represent
the fractions of the surface covered by a protein
layer with a constant thickness t; and t,, respectively
(note that ¢t is a cumulated thickness, neglecting
voids):
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PA98/PS

PS-PA80

Figure 6. Images obtained by fluorescence microscopy of mouse cortical neurons cultured on substrates conditioned with
fibronectin, PS;, PA98, PA98/PS, PA80, and PS-PAS80: (a,c) staining of the whole cell (B-tubulin), (b,d) nucleus staining
(Hoechst).
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where ic and iy are the sensitivity factors provided
by the instrument manufacturer for carbon (0.278)
and nitrogen (0.477); o and oy are the photoioniza-
tion cross-sections for carbon (1.0) and nitrogen
(1.8)%; 0 is the angle made by the direction of photo-
electron collection with respect to the normal to the
sample surface (here § = 0); C and A represent the
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cosf

1)

concentration and the electron mean free path in the
protein layer (superscript prot) or in the polymer
substrate (superscript poly, PS or PMMA): CP°" =
61.21 and CR°' = 17.15 mmol/cm® (calculated from
the fibronectin sequence® and considering a density
of 1.4 g/cm®),** C® = 80.8 mmol/cm?, C™A = 59,5

mmol/cm?* M = 35 nm and AR = 32 nm
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after culture on different substrates conditioned with fibro-
nectin.

(values calculated for albumin42), A = 3.8 nm,
AMMA = 325 nm.*!

Figure 8 presents parameters that are compatible
with the N/C molar ratios measured by XPS, on the
basis of Eq. (1). Two different models were consid-
ered, in order to determine whether fibronectin was
adsorbed besides the structures observed by AFM: a
first one involving a discontinuous adsorbed protein
layer and a second one involving a continuous layer
with two different adsorbed layer thicknesses. The
two models merge if the adsorbed layer is continu-
ous (y = 1) with a uniform thickness t;. In this case,
the thickness could be in the range of 1.7-2.8 nm
depending on the substrate. If the surface coverage
by the protein is lower (discontinuous layer), the
minimal surface coverage that could fit the meas-
ured N/C ratio is in the range of 50-60%, depending
on the substrate. This is much higher than the
degree of surface coverage by relief features, which
was observed by AFM on PA98 (Fig. 2), PS; (Fig. 3),
and PS, (Fig. 4), indicating that fibronectin is
adsorbed in the space between these features. If it is
considered that the granules observed by AFM (¢, =
5 nm) cover 10 to 30% (1 — +y) of the surface, the
thickness t; of fibronectin adsorbed besides the gran-
ules is comprised between 1.5 and 1.0 nm on PA98
and around 2 nm on PS. Figure 9 schematizes the
layer adsorbed on the heterogeneous PA98/PS sur-
face, according to the combination of XPS and AFM
data, with a thinner fibronectin background and
larger granular features on the PA98 inclusions com-
pared with the PS matrix.

In the case of PA 80, AFM shows the presence of
a rough adsorbed layer with differences in height up
to 20 nm (Ryms = 5.9 nm). The XPS data are compati-
ble with a degree of surface coverage vy of about 60%

TABLE II
Qualitative Observation of Mouse Cortical Neurons Cultured on Different Substrates Preconditioned With Fibronectin, for 3 Independent Cell Culture Series

125

Small
Small

Medium
Medium

PS-PA8O
Cluster Size

Indiv
Indiv.
Indiv
Indiv.

State***

Small
Small

Cluster Size
Small
Small

PAS80

Indiv
Indiv.
Indiv.
Indiv

State***

Cluster Size
Large

PS,

State***
Ager.

Cluster Size
Large
Large

Medium

PA98/PS

State***
Ager
Indiv.
Aggr

Cluster Size
Large
Large
Large

PA98

State***
Ager
Aggr.
Aggr

Cluster Size
Large
Large
Large

PS¢

State***
Ager
Aggr.
Aggr

Observ.**
Quant.
Qual
Qual,, syst.

Qual., syst.
**Observ. = observations; quant. = quantitative; qual. = qualtitative; syst. = systematic (see text for details).

*The polymer samples come from the same batch, except those from experiment 3B.
**Ager. = aggregated form; indiv. = individual cells.

Set*
1

2
3A
3B
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Figure 8. Plot of surface coverage <y versus thickness t;
showing the pairs of values compatible with the N/C
molar ratio measured by XPS after adsorption of fibronec-
tin on the homogeneous supports PS; PS,, PA9S, and
PAS80. The dashed lines correspond to a discontinuous cov-
erage (t, = 0); the plain lines correspond to a continuous
layer for which the fraction (1 — v) of the surface is cov-
ered by a layer of thickness t, = 5 nm (thin line) or t, =
20 nm (thick line, PA8O0).

(discontinuous layer, t, = 0; cf. Fig. 8). Owing to the
small depth analyzed by XPS, the same results are
obtained for any thickness above about 8 nm. Alter-
nately, a model with a portion (1 — v) of the surface
covered by a layer of thickness t, = 20 nm was con-
sidered. It appears then in Figure 8 (PAS80, plain
line) that the XPS data are compatible with a surface
coverage by fibronectin aggregates lower than 60%
(I — v) provided the rest of the surface is covered
by a thinner (up to 3 nm) layer. It appears thus that
all substrates provide a high degree of surface cover-
age by fibronectin but differ according to the size of
fibronectin aggregates. This is much larger on PAS8O
compared with PA98 and PS. The state of aggrega-
tion may not be related to marked differences of ox-
ygen surface concentration, apparent hydrophilicity
or surface roughness. However it is related to a
higher surface density of carboxyl-carboxylate func-
tions conferred by the PMAA segments.

Mouse cortical cell cultures

Among the investigated substrates, two were
favorable for cell spreading and growth, as the cells
were individual and their processes formed an
organized network. These two surfaces have in com-
mon the presence of the PA80 copolymer, while one
of them is homogeneous, and the other one is heter-
ogeneous with PS islands. In contrast, homogeneous
PS;, PS,, and PA98, and heterogeneous PA98/PS
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induced cell aggregation, an evidence of poor inter-
actions with the substrate. Adsorbed fibronectin, as
observed by AFM, showed different morphologies
according to the polymer, with the PA80 surface
inducing a much rougher adsorbed layer. The pres-
ence of PA80 and the resulting aggregation of fibro-
nectin in the adsorbed phase thus appear to be criti-
cal factors for cell spreading and growth.

The PA98/PS sample (topography showing rings
of 0.15-1.5 pm diameter and up to 8 nm height)
affects the cells in the same way as homogeneous
PS;, PSs, or PA98 samples. The PS-PA80 sample,
with its particular topography (protruding islands of
0.5-1 pm diameter and about 40 nm height) induced
by the PS inclusions in PAS80, does not affect the
cells differently from the flat and homogeneous
PA80 sample. The cell network formation observed
here thus seems to be exclusively linked to the fact
that a high proportion of the surface is covered by
strongly aggregated fibronectin. It does not seem to
be influenced by inclusions characterized by a lower
fibronectin aggregation and responsible for surface
protrusions in the range examined here (surface cov-
erage below 30%, height below 40 nm, and lateral
size below 1.0 pm).

The influence of the substrate wettability deserves
consideration. The tendency of cells to adhere,''™'*
spread''* or differentiate’® on hydrophilic supports
conditioned with fibronectin has been observed for
other cell types cultured on fibronectin. In the pres-
ent study, there is no general link between fibronec-
tin adsorption or cell behavior and apparent surface
hydrophilicity. PA98 and PA80 have only slightly
different water contact angles (71° and 66°, respec-
tively), but induce different fibronectin and cell
behaviors; on the other hand PA98 and PS show a
larger difference of water contact angles with similar
behaviors. The global hydrophilicity as evaluated by
the static water contact angle may be too raw to dis-
criminate surface properties. The acidic functions
and the surface electrical charge appear to play a
role by influencing fibronectin aggregation. As the
isoelectric point of fibronectin is 5.6, aggregation
would be favored by a repulsive electrostatic contri-
bution. Surface charge effects on protein adsorption
or on cell behavior have been reported,” but no gen-
eral tendency could be established, the cell response

PS PA 98

Figure 9. Model describing fibronectin adsorption on the
heterogeneous PA98/PS surface (fibronectin is in gray).
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depending on cell type, surface chemistry as well as
surface charge. Miller and Boettiger*® reported an
increase in spread area for fibrosarcoma cells grown
on negatively charged PS compared with the
uncharged polymer substrate, whereas the same
amount of fibronectin was bound to both surfaces.

The cell culture media used here contained pro-
teins (albumin, catalase, insulin, superoxide dismu-
tase, transferrin). None of these proteins is an adhe-
sion protein; on the other hand they may displace fi-
bronectin and have an adverse effect on cell
attachment. Moreover, during the culture, the cells
secrete different proteins, including their own adhe-
sion proteins.** The exchange between fibronectin
and albumin has been studied several times. Albu-
min is the major competing protein since it is pres-
ent at high concentration in serum-containing culture
media.'” For pure PS and tissue culture PS (surface
oxidized), Grinnell and Feld"' found that only a small
amount (10-20%) of fibronectin could be desorbed by
sequential incubations. Klebe et al.** observed a similar
cell behavior, whether the substrate was conditioned
with fibronectin alone or with fibronectin and sub-
sequently albumin, on a series of substrates with
different wettabilities. Finally, Renner et al.’? found that
preadsorbed fluorescent dye labeled fibronectin was
more readily displaced when exposed to a solution of fi-
bronectin, compared with a solution of albumin or with
pure PBS. It appears thus that adsorbed fibronectin is
not easily displaced from the surfaces.

Antibody binding assays allowed a comparison to
be made between the exposure of different ligands
towards the solution.'”” The exposure of ligands
involved in cell adhesion was relatively enhanced
for fibronectin adsorbed on tissue culture PS com-
pared with PS. The difference was observed in a
wide range of the amount of adsorbed fibronectin
(average thickness from below 1 to about 7 nm).
Labeling of the sulfhydryl group located near the cell
binding domain'* showed different fluorescence emis-
sion spectra for fibronectin adsorbed on glass and on
silanized glass, indicating a different environment for
these sulfhydryl groups and hence different fibronec-
tin conformation on these substrates. The influence of
PAS80 on neuron cell behavior through the morphology
of the adsorbed fibronectin layer may tentatively be
attributed to the exposure of ligands. This could possi-
bly be due to a change of conformation induced by
aggregation; however aggregation may also be itself a
result of a change of conformation upon adsorption.
Furthermore Altankov et al.'®* observed that, if the
interaction of fibronectin with the surface is too strong,
the cells are not able to reorganize their matrix.
Accordingly the rougher morphology of the fibronec-
tin layer adsorbed on PA80 might be more favorable to
cell adhesion because of easier remodeling by the cells,
owing to a weaker interaction with the surface.

CONCLUSION

Whereas fibronectin is adsorbed in similar
amounts on the surfaces studied, the adsorbed layer
morphology was found to be dependent on the sub-
strate nature. In comparison with PS; PS,, and
PA9S, the layer formed on PA80 was much rougher,
with relief features up to 30 nm in height. The neu-
ronal cells cultured on these surfaces were found to
form large clusters on substrates of the first category
including PS with PA98 inclusions, which indicates
poor interactions with the substrate. In contrast, the
cells cultured on PA80-containing surfaces formed
large networks with only a few small aggregates.
The fibronectin morphology observed on PAS80 is
thus more favorable for the formation of neural net-
works, possibly because of a better exposure of
ligands or an easier remodeling by the cells.

The influence of the chemical functions at the sub-
strate surface (anionic groups) on fibronectin aggre-
gation and thereby on cell adhesion appears to be a
dominating factor compared with global differences
of elemental composition or apparent hydrophilicity.
It is not prevented by defects due to heterogeneities
in the range examined here, i.e. surface coverage of
weakly aggregated fibronectin below 30%, topo-
graphic heterogeneities with height below 40 nm
and lateral size below 1.0 pm.
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